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ABSTRACT 
Phase relations of clinopyroxene (Cpx) and orthopyroxene (Opx) in the system NajO-
CaO-MgO-AljOj-SiO, (NCMAS) were studied experimentally at 2.5 GPa and a range of 
temperatures from 1000 to 1300 °C using a piston-cylinder apparatus. The compositions of 
the coexisting Opx and Cpx solid solutions were determined by electron microprobe anzdysis. 
The results show that Cpx and Opx solid solutions coexist with a large miscibility gap. The 
concentrations of Mg2Si206 in Cpx increase substantially with increasing temperatures but 
the content of NaAlSijOg and CaMgSijOg in Opx is very limited. Based on electron 
microprobe data from this study and the data from previous studies for the three binary 
systems NaAlSiiOs-MgjSijOs, MgjSijOg -CaMgSijOs, and NaAlSijOg -CaMgSijOa, the 
ternary diagram of MgjSijOft - NaAlSijO^ - CaMgSi206 has been constructed. These results 
can be used empirically as a geothermometer. However, an attempt to develop a 
thermodynamic model based on the experimental data failed and the problems are discussed. 
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CHAPTER I. INTRODUCTION 
1. Implicatioiis of NaiO-CaO-MgO-AIiOs-SiOi (NOMAS) system in petrology and 
mineralogy 
The Na2O-CaO-MgC)-Al2C)3-Si02 (NCMAS) system consists of all major non-
transition-metal components found in high pressure pyroxenes. Three pure end member 
pyroxenes -jadeite (Jd-NaAlSiaOe), enstatite (En-MgiSiaOe) and diopside (Di-CaMgSiaOe) 
lie in this system. Therefore, the compositions of solid solutions of pyroxene in NCMAS are 
usually expressed in terms of the three end member components. 
Pyroxene is commonly found in crustal rocks and is believed to be one of the three 
most important mineral groups in the upper mantle, along with olivine and an aluminous 
phase (spinel or garnet). It is also an important mineral in most mafic to ultramafic igneous 
rocks and in high grade metamorphic rocks such as granulites and eclogites. 
The chemical composition of pyroxenes can be expressed by a general formula as 
XYZaOfi, where X represents Na^, Car*, Mn^^, Fe"^, Mg"^ and LT ; Y represents Mg"^ Fe"^ 
Fe^, Al^"^, Cr^^, and Ti^; and Z represents Si** and Al^"^. Pyroxenes belong to the single chain 
inosilicate structural group. The basic structural components of pyroxene are the single 
(Si04) tetrahedral chains and the double octahedral bands. The tetrahedral chains in pyroxene 
run parallel to the c-axis, and the tetrahedra in alternating chains point up and down. Their 
free apices are connected to the double octahedral bands, which also run parallel to the c-
axis, by sharing oxygen ions. Each octahedral band will thus have a tetrahedral chain linked 
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to it on both sides. The structure of pyroxene can be divided into two groups - orthorhombic 
synmaetry and monoclinic symmetry. Pyroxenes with orthorhombic symmetry are called 
orthopyroxenes (Opx) and those with monoclinic symmetry are called clinopyroxenes (Cpx). 
There are two types of cation sites, labeled Ml and M2. The Ml site is a relatively regular 
octahedron, but the M2 site has either 6-foId or 8-fold coordination for Opx and Cpx 
respectively. Because of the different sizes of the Ml and M2 polyhedron, the larger X 
cations generally occupy M2 sites and the smaller Y cations occupy Ml sites. In jadeite and 
diopside with a monoclinic structure (C2/c), Na* and Ca"^ go into M2 site and Al^ and Mg"^ 
go into Ml. In enstatite with an orthorhombic structure (Pbca), Mg"^ occupies both Ml and 
M2. 
Because of the structuiral character of pyroxene, substantial cation exchange in Ml and 
M2 sites exist. In Cpx, Ca"^ and Na^ can replace each other in M2 to form a complete solid 
solution. A considerable amount of Mg"^ and other smaller divalent cations can also replace 
Ca~* and Na^ in M2. Similar cation exchange exists in Opx but the amount of the larger 
cation in M2 site is very limited because of its smaller size in Opx compared to Cpx. 
Substitutions also take place in Ml and the tetrahedral sites with Al^"^ and Si^ in tetrahedral 
site and Al^ and other smaller cations in Ml. 
The dominant substitutions in metamorphic pyroxenes are Fe-Mg, Ca-Mg and AlAl-
MgSi (tschermaks). But in this study, Fe is not considered. At high pressures the jadeite 
substitution (NaAl-CaMg) is important. The tschermaks exchange occurs in both Mg and 
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Ca-bearing pyroxenes, leading to hypothetical end members CaAL^SiOe (CaTs), 
MgAlAlSiOe (MgTs). 
A large miscibOity gap exists along the Ca-Mg and NaAl-CaMg exchanges in 
pyroxenes. With increasing temperatures, this gap decreases. This property forms the basis of 
a geothermometer. 
At atmospheric pressure, enstatite has three phases: clinoenstatite (low ten^)erature 
phase), orthoenstatite and protoenstatite (high temperature phase). In the pressure and 
ten^rature range of this study, orthopyroxene and clinopyroxene are the stable phases. 
Since pyroxenes are thought to be one of the most inqK>rtant minerals in Earth's upper 
mantle and Na is strongly concentrated in pyroxenes (see Liu and Basset, 1986, for a review), 
study of phase relations of pyroxenes in the system NCMAS at high pressures and high 
ten^ratures has significant meaning to metamorphic rocks and mantle mineralogy. Precise 
study of the compositional variability of coexisting Na- and Al-bearing Cpx and Opx at high 
pressure and high temperature can help us decipher the thermal history of Na and Al-bearing 
rocks, from which, we can estimate the thermal history of Earth's interior. 
2. Theraiodynamics of pyroxene 
For coexisting Cpx and Opx in the NCMAS system, three equilibria can be written: 
Mg2Si206°P" = MgaSiaOe'''" 
CaMgSizOfi'^ = CaMgSiaOfi^'" 
NaAlSisOe®^ = NaAlSiaOg^'" (1.3) 
(1.2) 
(1.1) 
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The superscripts here represent different structures. 
Because of the conq)lex phase relations of MgiSiaOe and NaAlSizOe at high 
teirq)erature and high pressure, the thermodynamic study for the equilibrium (1.3) is very 
limited. No reliable calorimetric data are available because orthojadeite and orthodiopside do 
not exist. Thus, these two phases are fictive. Therefore, the free energy difference between 
jadeite and jadeitic Opx used in thermodynamic modeling is also a fictive quantity. 
Hgure I.l shows the schematic representation of the free-energy conqxjsition relations 
for the systems Jd-En at a temperature and pressure where Jdjs and En,, coexist assuming a 
symmetric solution model of Opx and an asymmetric model of Cpx, where the subscript ss 
represents solid solution. Figure 1.2 shows the same picture as in Figure 1.1 but assumes an 
asymmetric solution model for both Opx and Cpx. The free-energy curves for Opx and Cpx 
are separate and independent, and the standard-state potentials for each solution are also 
independent. Since enstatite is stable and monoclinic MgiSiaOe is not stable at the pressure 
and temperature given, the chemical potential of enstatite (H°En°'") should be lower than that 
of monoclinic MgaSiiOe (Ii°En^'")» and reaction (1.1) should proceed to the left. Similarly, 
jadeite and diopside have lower standard chemical potentials than that of orthojadeite and 
orthodiopside, therefore, reactions (1.2) and (1.3) should proceed strongly to the right. In 
other words, the AG(l.l) should be positive and AG(I.2) and AG(I.3) negative. These are 
the basic constraints imposed 
on the thermodynamic modeling of pyroxenes in the NCMAS system. A more detailed 
discussion for thermodynamic properties will be given in Chapter V. 
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Opx 
Cpx 
ag: 
Jd, 
X 
Figure LI. Schematic G-X diagram illustrating the conditions for the equilibriimi 
coexistence of Opx and Cpx for the system Jd-En assuming a symmetric 
solution model of Opx and an asymmetric model of Cpx. 
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Opx 
Cpx 
NaAlSi, 0, X 
Figure 1.2. Schematic G-X diagram illustrating the conditions for the equilibrium 
coexistence of Opx and Cpx for the system Jd-En assuming asymmetric 
solution models for both Opx and an Cpx. 
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3. Statement of problem 
It is one of the principal tasks for experimental mineralogists to obtain a better 
understanding of petrogenesis of rocks from the lower crust and upper mantle, which contain 
pyroxenes. Many experimental studies at high pressures and high temperatures in the systems 
CaO-MgO-SiOz (CMS), CaO-MgOAlzOj-SiOo (CMAS), and NaaO-MgO-AljCh-SiOs 
(NMAS), have been done. Pyroxenes are among the most important minerals used to 
decipher the pressure - temperature conditions of the Earth's crust and upper mantle. The two 
most popular thermometers, Ca-Mg exchange between diopside and enstatite (Wood and 
Banno, 1973; Lindsley and Dixon, 1976) and Fe"^-Mg exchange between garnet and 
clinopyroxene (Raheim and Green, 1974) are believe to have considerable uncertainties when 
applying them to natural systems. Because of this. Wells (1977) made some modifications to 
the Wood and Banno (1973) two-pyroxene geothermometer. Hervig and Smith (1980) 
proposed a geothermometer for gamet and spinel Iherzolites based on careful microprobe 
analyses of natural sodic pyroxenes. From their data, Hervig and Smith (1980) derived an 
empirical equation, 
T (°C) = -273 + 7525/(3.16 + In Kd), 
where Kd = XNa'^'"'/XNa°^^ In deriving this equation, the ten^rature was calculated 
according to the Wells (1977) modification of the Wood and Banno (1973) procedure. This 
equation shows a strong linear correlation (r=0.95). However, no experimental work has 
been done to calibrate this enq}irical equation. Also, the conclusion by Hervig and Smith 
(1980) that Kd is independent of pressure has not been tested. 
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Windom and Boettcher (1981) experimently studied the system Jd-En at 2.5 GPa and 
found that substantial solid solution exists between these two pyroxenes and the MgaSioOe 
component has significant solubility in jadeitic clinopyroxene. They argued that jadeite plus 
enstatite may be a geobarometer because the substitution of Mg~^ in the M2 site in jadeite is 
enhanced by pressure. The con^)ositions of coexisting Cpx and Opx on the En-Jd join were 
first reported by Gasparik (1986). At 6 GPa, 1400 °C, Cpx with the composition En«)Jd«) 
was found to coexist with Opx of con^josition EnggJdis. 
Wang (1996) determined the solubility limits between Jd and En solid solutions at 
different temperatures and 2.5 GPa. It is found that the experimental results are not 
consistent with the equation of Hervig and Smith (1980). The author thought that the 
inconsistency might result partially from the different bulk composition and partially from 
pressure effects and concluded that the simple binary system could not be applied to the 
complicated natural system which contains Di component. 
According to Gasparik's study of the En-Jd system (Gasparik, 1989, 1992), it seems 
that the pressure effect on the composition of the Cpx and Opx solid solution is not important 
over a relative small range of pressure. Thus, in the reachable pressure range in our 
laboratory, the temperature and bulk conqK>sition are the interesting factors I want to 
examine. Results from this study will be directly applicable to high-pressure rocks because 
deep mantle pyroxenes are composed mainly of En, Jd and Di (Gasparik 1989). The results 
will also be helpful for us to explore the composition of the upper mantle and the storage of 
Na in the upper mantle. 
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The objectives of this study are (1) to determine the compositional variability between 
coexisting Cpx and Opx in the NOMAS system at 2.5 GPa and temperatures from 950 to 
1300 °C; (2) to construct the ternary diagram of Di-Jd-En based on experimental data; (3) to 
examine the applicability of the ternary diagram to natural systems as a geothermometer. 
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CHAPTER n. PREVIOUS RELATED STUDIES 
The NCMAS system includes the following simpler systems; CaO-MgO-SiOi (CMS), 
CaO-MgO-AfcOj-SiOi (CMAS), NaaO-MgO-AlaCb-SiOj (NMAS) and NazO-CaO-AlzOj-
SiQ> (NCAS). Many experimental studies at high pressure and high temperatures in these 
systems have been done. This chapter is a review of studies related to these systems. 
1. Pyroxenes in the system CaO-MgO-SiOz 
The system Ca0-Mg0-Si02 (CMS) is the simplest of the subsystems of NCMAS. This 
system contains two end member pyroxenes, CaMgSiiOe (Di) and MgaSijOe (En). Many 
earlier experimental works started with this system to study the miscibility gap between Di 
and En solid solutions at difierent temperatures and pressures. The earliest work may be the 
experimental study at atmospheric pressure done by Atlas (1952) in which, the solid-state 
equilibria in the system En-Di were studied. Boyd and Schairer (1964) also studied En-Di 
equilibria at atmospheric pressure and found that the content of MgSiCH in Di increases with 
temperature. Base on this property, Boyd and Schairer (1964) proposed that the En-Di pair 
could be used as a geothermometer for rocks containing two pyroxene phases. Stimulated in 
part by the interest in geothermometers, much experimental work was done in the following 
years. Davis and Boyd (1966) studied this En-Di system at pressures up to 3 GPa. They 
found that the solubility of MgSiOa in Di solid solution increases at high temperatures and 
high pressures as well. Later, other experiments were conducted to determine pressure and 
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temperature effect on the miscibility gap (Kushiro 1969, Warner and Luth 1974, Nehru and 
Wyllie 1974, Mori and Green 1975, Nehru 1976, HoweDs and OUara 1975). But the results 
from different workers are not consistent. 
Warner and Luth's (1974) results indicate that the Di-rich limb of the miscibility gap is 
not pressure sensitive. Based on the study at 3 GPa using electron microprobe analysis to 
determine the compositions of the products, Nehru and Wyllie (1974) presented results that 
are different from those reported by Davis and Boyd (1966), mainly for the diopside-rich 
limb. They thought that the data are not sufBcient to determine the possible pressure effects 
on the miscibility gap. Mori and Green (1975) did an experimental study of the En-Di system 
at pressures ranging from 0.5 to 4 GPa. Based on their results, they argued that the 
temperatiu'e effect on the Di-rich limb at high pressures is less than that reported by Davis 
and Boyd (1966). Furthermore, they argued that pressure has a significant effect on the 
compositions of coexisting En and Di solid solutions at temperatures greater than about 
1,2(X) °C. Nehru (1976) reported that the composition of En solid solution is strongly 
pressure-dependent up to 4 GPa based on data at different pressures up to 4 GPa. Howells 
and OHara (1975) concluded that the composition of En and Di solid solutions is sensitive to 
pressure as well as to silica activity, which is related to the starting materials. 
A drawback of most of the studies mentioned above is that very few data were 
established by reversal experiments. With an emphasis on obtaining reversal data, Lindsley 
and Dbcon (1976) conducted a careful study of Di-En phase relations at 850 °C to 14(K) °C, 
0.5 to 3.35 GPa. Their data confirm the pressure effect on the compositions of En and Di 
12 
solid solutions but show no effect of silica activity which is not consistent with Howells and 
OTIara's results (1975) that the equilibrium is dependent on the activity of silica in the 
starting mixture. However, Mori and Green (1976) reported that the miscibility gap in the 
En-Di system widens when olivine rather than quartz is the coexisting phase. But they stated 
that the difference does not seriously affect the use of this system as a geothermometer. 
Interested in lower mantle constitutions, Gasparik (1989) studied the En-Di system at 
pressures up to 16.5 GPa. He found that Cpx solid solution with the composition En79Di2i 
forms on the En-Di join at 15.7 GPa and 1650 °C. He also conducted melting experiments 
on the En-Di system at 7 - 22.4 GPa (Gasparik 1996). 
Another phase belonging to the CMS system is Fe-free pigeonite. The stability of this 
phase was studied by several authors ( Kushiro 1969a, Kushiro and Yoder 1970, Yang and 
Foster 1972, Yang 1973, Schwab and Schwerin 1975, and Carlson 1988). The results from 
these authors indicate that Fe-free pigeonite is stable from atmospheric pressure to 2 GPa and 
tenq)eratxires up to 1432 °C. 
Different thermodynamic models for the En-Di system were proposed to fit the 
experimental data. From these models, geothermometers could be derived. A detailed review 
about the models developed before 1981 was given by Lindsley et al. (1981). Lindsley et al. 
(1981) classified these models into 6 categories. 
The first category is represented by the model developed by Warner and Luth (1974). 
This model en^loyed asymmetric Margules formulation that treats Opx and Cpx as a single 
solution. It does not account for the energy differences among pyroxene polymorphs and 
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treats Cpx and Opx structures as having a single free energy curve. Thus AG( 1.1) and A 
G(1.2) (see Chapter 1) are equal to zero. The authors pointed out these limitations and stated 
that the fitting parameters have no thermodynamic significance and should be regarded 
merely as empirical constants. 
The second category includes models assuming ideal mixing of Ca and Mg on the M2 
sites. Models belonging to this category include those proposed by Wood and Banno (1973), 
Nehru and Wyllie (1974), and Wells (1977). Although the assun^tion in these models is not 
very reasonable, they can fit the experinsental data. 
The third category deals with symmetric models for Di and En solid solutions based on 
Opx and Cpx exchange equilibria. The representative model in this category is the model 
developed by Finnerty (1977). This model is not appropriate for treating two-phase data. 
The fourth category is about symmetric Margules formulation for independent Cpx and 
Opx solid solutions. Three models were reported in this category (Saxena and Nehru 1975, 
Powell 1978, Holland et aL 1979). Different authors presented different approaches in the 
treatment of two-phase equilibria by means of the symmetric approximation. Saxena and 
Nehru (1975) recognized the important constraints imposed by equations 1.1 and 1.2. But 
other two models do not use the constraint of equation 1.2. 
The fifth category includes two models, one proposed by Grover et al. (1976), and 
another one developed by Lindsley et al. (1981). Models in this category use asymmetric 
Margules formulation for the Cpx solution and symmetric Margules formulation for Opx. The 
model reported by Lindsley et al. (1981) successfully predicts the known phase relations in 
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the En-Di system at temperatures up to 16(X) °C and pressures up to 4 GPa. The authors 
claimed that the temperatures calculated from the model fit the experimental data for 
coexisting Opx-Cpx pairs to better than 3 °C in most cases. But this model is inconsistent 
with heat data. 
The last category is called "convergent disordering" model It is developed by 
Navrotsky and Loucks (1977). This model differs from others in that it considers mixing of 
Ca and Mg on both the Ml and M2 sites of Cpx. 
After 1981, more models have been proposed for the En-Di system. Davidson et al. 
(1982) presented a model based on non-convergent site-disorder. The authors reported that 
the temperatures calculated from the model for coexisting Opx and Cpx fit the experimental 
data to within 10 °C in most cases. The worst discrepancy is 30 °C. 
In 1984, Brey and Huth published new data for Di-En equilibria at pressures from 4 to 
6 GPa and ten^ratures from 1100 °C to 1500 °C. Based on the new data, Brey and Huth 
(1984) stated that the thermodynamic models of Lindsley et aL (1981), Davidson et al. 
(1982) and Holland et al (1979) all tend to overestimate the influence of pressure and result 
in overestimation of the temperature at and above 4 GPa. Based on the data of Brey and 
Huth (1984) and other available data. Nickel and Brey (1984) found that every model fit the 
data over some selected P-T range, but no model could interpret all the experimental data 
and thermodynamic data. Therefore, they developed a new model with two independent 
regular solutions for Opx and Cpx. This model could reproduce experimental data in the 
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CMS system over a large range of tenqperatures and pressures and is consistent with 
calorimetric measurements on pyroxene. 
Using linear progranoming technique, Carlson and Lindsley (1988) derived a model for 
equilibria among CMS pyroxenes. This model employs a single asymmetric non-ideal solution 
for Di and Fe-free pigeonite, a separate symmetric non-ideal solution for Opx, and ideal 
solution for protoenstatite. The author reported that this model is capable of closely 
replicating experimental data in the Di-En system available at that time. 
More recently, Gasparik (1990) developed a thermodynamic model for the En-Di join 
using constraints imposed by equation 1.1 and 1.2. This model fits all experimental data at 
pressures up to 15.2 GPa and can reproduce exactly the phase relations determined by 
Carlson (1988) in the En-rich portion of the join at 1 bar and 1295-1425 °C. One 
improvement of this model is that it includes second-order parameters related to the 
differences in heat capacity and compressibility. Several years later, Gasparik (1996) 
developed another model which fits more data at 7 - 22.4 GPa. This model is almost identical 
to the former one except for minor changes of the thermodynamic parameters. 
2. Pyroxenes in the system CaO-MgO-AljOa-SiOz 
Pure CMS system does not exist in nature. In order to approach the multicomponent 
natural system, the first step is to consider the addition of AI2O3 or FeO. Because the FeO 
content in natural samples of deep-seated origin is less important (Gasparik 1984), the system 
CaO-MgO-AlaOs-SiOi (CMAS) can be used as a first approximation to the natural system. 
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The presence of Al^ cation makes the CMAS system more con:q)licated than the CMS. 
Since Al^ substitutes in both the tetrahedral and octahedral sites in Cpx and Opx, solid 
solutions in this system may contain four con^nent. En, Di, Ca-Ts (CaAl2Si06), and Mg-Ts 
(MgAfeSiOe) depending on the bulk compositions. 
The concentrations of AI2O3 in Cpx were investigated extensively through both 
experiments and thermochenoical calculations. It is found that A1 in Cpx is not well behaved 
at high pressures and high temperatures. Hariya and Kennedy (1968) performed experiments 
to determine stability relations of CaTs at high pressures. Their data show inconsistency with 
those of Hays (1967). Boyd (1970) reported that En component in Cpx decreases as Xca-xs 
increases. Herzberg and Chapman (1976) found that Ca-Ts and Mg-Ts content in Cpx vary 
systematically with pressure and temperature but the pressure is not a significant factor. Fujii 
(1977) found that the miscibility gap between diopsidic Cpx and enstatitic Opx decreases 
with solubility of AI2O3 at high tenq)eratures. He determined that projection of compositional 
data onto a Ca/(Ca+Mg) plot gives almost the same results for the Ca-poor limb as 
determined by Lindsley and Dixon (1976) for the CMS system. Perkins and Newton (1980) 
found that in the CMAS system, the mutual solubility of Opx and Cpx and dependency on 
temperature decreases conq)ared with the CMS system. By using split sphere apparatus, 
Yamada and Takahasi (1984) determined AI2O3 isopleths in coexisting Cpx and Opx in the 
CMAS system up to 10 GPa. Their data are consistent with those of Perkins and Newton 
(1980) for the Opx limb but they concluded that the solubility of AI2O3 in Cpx was 
underestimated at lower pressures. They also concluded that the AI2O3 content of Cpx would 
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be greater than that of Opx at pressures above 4 GPa and less at lower pressure. The study of 
Benna et aL (1981) indicates that Ca-Ts contents of Cpx decreases with increasing pressure 
and increases with increasing ten^rature for the spinel-lherzolite assemblage in the CMAS 
system. According to the study of Nickel et al. (1985), pyroxene behavior, particularly that of 
Cpx, is very con^licated in the CMAS system. The existence of Al in pyroxene strongly 
influences the exchange of En component between Cpx and Opx. Carlson (1988) determined 
the compositions of pyroxenes in the assemblage orthoenstatite, diopside, anorthite, and 
forsterite by electron-microprobe analysis of experimental products and found that the 
incorporation of aluminous conqx>nents in both phases is strongly dependent on pressure. 
The temperature effect is not significant. 
Thermodynamic models for the CMAS system have been reported by some authors. 
Nickel et al. (1984) reported that modeling the CMAS system is problematic because of the 
large number of unknown coefBcients compared to the number of experiments. Despite the 
complexity of this system, a very simple empirical equation is given by Nickel et al. (1984) 
which is capable of reproducing experimental results. After reviewing previous models. 
Wood and Hollo way (1985) reported their thermodynamic model for subsolidus equilibria in 
the system CMAS that includes Cpx, Opx, garnet, forsterite, anorthite, spinel, kyanite, 
silimanite, corundum and quartz. They claimed that the main result of this model is that it is 
able to point out inconsistencies and deficiencies in the experimental data. 
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3. Pyroxenes in the system Na20-Mg0-Al203-Si0z 
Pyroxenes in the system NaiO-MgO-AlaOs-SiOj (NMAS) include Jd and En. Until 
recentfy, experimental investigation of the En-Jd join has been limited despite its in^rtance 
for the petrogenesis of basalts. At the conditions of the Earth's crust, the En-Jd join is 
metastable; the stable join is albite-forsterite, which produces the thermal divide responsible 
for the separation of olivine tholeiite and alkali basalts (Yoder and Willey 1962). At pressures 
of 2.0 - 3.0 GPa, Jd forms from albite + forsterite, and the En-Jd join becomes the new 
thermal divide (Windom and linger 1988). 
Windom and Boettcher (1981) investigated the Jd-En join at 2.8 GPa. They found that 
substantial solid solution exists between these two pyroxenes. The con:qx>sitions of coexisting 
Cpx and Opx on the En-Jd join were first reported by Gasparik (1986). At 6 GPa, 1400 °C , 
Cpx with the conq)osition EneoJdio was found to coexist with the En88Jdi2 Opx. Pierson and 
Windom (1986) and Windom and Pierson (1989) briefly reported their experiments on Jd-En 
join at 25 Kb. However, because of the short run duration and the limitation of the 
microprobe analysis, the data may not represent the real equilibrium composition. Later, 
Gasparik (1989) reported his experimental results at pressures from 10 to 16.5 GPa. He 
found that at above 10 GPa, garnet forms from the Jd-En join. In 1992, Gasparik extended 
the study of the Jd-En join up to 27 GPa and developed a thermodynamic model for the 
temperature range 500-2500 °C and the pressure range 0-27 GPa. He concluded that the 
two major discontinuities in the Earth's mantle at 400 and 670 km depths could correspond, 
respectively, to the formation and breakdown of garnet with a pyroxene composition. 
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Recentty, Wang (1996) experimentally determined the coexisting compositions of Cpx 
and Opx solid solution on the Jd-En join at 2.5 GPa and 900 - 1250 °C using electron 
microprobe analysis. In order to establish that the results reflect the equilibriimi composition, 
three measures were taken: (1) use gel instead of crystal as starting material; (2) increase the 
run time; and (3) use high resolution microprobe to analyze the products. By coooparing the 
experimental results with the natural sodic san l^es, the author concluded that the effect of Ca 
on the solid solution of coexisting Cpx and Opx must be examined to make the experimental 
results applicable to natural system. 
4. Pyroxenes in the system Na20-Ca0-Mg0-Al203-Si02 
The pyroxenes in the system NaaO-CaO-MgO-AljOa-SiOo (NOMAS) are Jd, En and 
Di plus Ca-Ts and Mg-Ts components and their solid solutions. Solid solution phases whose 
compositions lie on or close to the binary join Di-Jd are found commonly occurring in 
blueschist and eclogite facies metamorphic rocks. Such pyroxenes are referred to as 
omphacites. 
Phase equilibria involving Di and Jd at high temperatures and high pressures were 
studied to explore possible use of this join as a geobarometer. Kushiro (1965) obtained solid 
solutions between Di and Jd by the reactions between albite and Di and between anorthite 
and Di. Bell and Kalb (1969) and Kushiro (1969) further investigated the stability of 
omphacite in the presence of excess silica and proposed a continuous solid solution series 
between Di and Jd. Holland (1983) determined equilibrium compositions of pyroxene 
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coexisting with albite and quartz at 600 °C and 0.85-1.6 GPa. Bell and Davis (1969) studied 
melting relations for Jd-Di at 3 and 4 GPa. It is found that a binary melting loop exists 
between the solidus and liquidus. Unit cell volumes determined in this study indicate a 
disordered structure. Gasparik (1985) studied equilibrium compositions of Di-Jd pyroxene 
coexisting with albite and quartz at 25 different P-T conditions, using an electron microprobe 
for analysis. He thought that his data should be more reliable than the results of Bell and Kalb 
(1969) and Kushiro (1969) because of the precise electron microprobe analysis. Liu (1980) 
reported that omphacite solid solution series exists over the entire Jd-Di join from about 3 
GPa to at least 20 GPa. His molar volume data at 15 GPa agrees within experimental error 
with the 3 GPa data of Bell and Davis (1969). 
Mao (1971) studied the system NaAlSiaOe-CaAlaSiOe at presstires up to 4 GPa and 
found that jadeite solid solutions containing CaTs conq)onent are stable under P-T conditions 
in which neither Jd nor CaTs is stable. He also found that such solid solution could dissolve 
up to 7.5 wt% Si02, and that silica solubility is pressure dependent. 
Recently, Gasparik (1989) studied the Jd-Di join at 15.2-16.5 GPa and 1650 °C and he 
found that garnet with the composition DieaJds? forms around 17 GPa and 1650 °C. 
Thermodynamic models for the Jd-Di join have been developed by several workers. 
Essene and Fyfe (1967) proposed a two-site mixing model for the activity of Jd component in 
omphacites assuming that mixing occurs on both Ml and M2 sites. 
Gasparik (1981) studied the mixing properties of the binary Jd-CaTs system and used a 
regular solution model to fit his experimental data. 
21 
Wood et aL (1980) measured enthalpies of synthetic solutions on the Jd-Di join and 
found that those synthetic solutions have positive excess enthalpies of mixing. They 
concluded that compositions near Jd:Di= 1:1 are "pseudo-ideal". Holland (1983) measured 
the activity of Jd component in synthetic pyroxenes on the binary join Jd-Di at 600 °C and the 
results are in good agreement with the results of Wood et al. (1980) for con^sitions with 
Jd:Di =1:1. Gasparik (1985) developed a model based on his data and the data of Holland 
(1983) for Di and Jd solid solution. He found the solution is close to ideal above 1000 °C but 
immiscible below 565 °C. He also found that the Di-Jd solvus is slightly asymmetric and 
excess enthalpy is positive but smaUer than that given by Wood et al. (1980). He concluded 
that disorder in the Di-Jd solution is significantly smaller than complete disorder implied by 
the ionic two-site model used by Holland (1983). However, neither model can yield a precise 
fit to the data; the one-site model tends to underestimate configurational entropy while the 
two-site model overestimates this parameter, a result that implies partial ordering. 
Order-disorder in omphacites attracted some people to study this problem. Fleet et al. 
(1978) determined that the ordered P2/n transforms to disordered C2/c omphacite at 
approximately 725 "C. Carpenter (1980, 1981) argued that there is no first order transition in 
omphacite. Rossi et al. (1983) reported that ideal fully-ordered omphacite, with 1.0 Na on 
M2 and 1.0 Ca on M21, could not exist because of local charge balance requirements. 
Davidson and Burton (1987) proposed a thermodynamic model for order-disorder in 
on^hacites in which coupled substitution is important. 
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An the studies mentioned above in the NCMAS system are about binary pyroxene 
systems. Very limited experimental work has been done in the En-Jd-Di ternary system. 
Gasparik (1989) studied this system at 13 GPa and 13.3 GPa and 1650 °C and found that 
garnet forms at these conditions. Since the En-Jd-Di ternary system is closer to natural 
system than any binary system, studying this ternary system has significant meaning in 
petrology. 
5. Experimental studies for pyroxene end-members in the NCMAS system 
In the above sections, we reviewed the studies regarding the solid solutions of 
pyroxenes. In this section, I will give a glance at the studies for pure end-member of 
pyroxene in the NCMAS system. 
Enstatite is the one being studied most thoroughly at high pressure and high 
temperature due to its importance to Earth's crust and lower mantle. Below about 13 GPa, 
there are three polymorphs at different temperatures: clinoenstatite, orthoenstatite and 
protoenstatite. The transition from orthoenstatite to protoenstatite was determined by Boyd 
et al. (1964) and the clinoenstatite - orthoenstatite transition was studied up to 4 GPa (Boyd 
and England, 1965) using quenching technique. The first high-pressure phase transition in 
MgiSioOs was claimed by Sclar et al. (1964), who reported that clinoenstatite decomposes 
into forsterite plus stishovite at 11.5 GPa and about 650 °C. This result has not been 
confirmed by subsequent studies. 
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Ito et aL (1972) reported that clinoenstatite decoiiq)Oses into a mixture of Mg2Si04 
(modified spinel) plus SiOa (stishovite) at 25 GPa and 1(X)0 °C, which then transform into 
another mixture consisting of Mg2Si04 (spinel) plus stishovite at 28 GPa and 1000 °C. At 
higher pressure, an ilmenite form of MgSiOs was prepared by Kawai et aL (1974). At about 
30 GPa, the perovskite phase of MgSiOa has been synthesized. This phase is the most densely 
packed magnesium silicate yet known and it is believed to be the dominant phase in the lower 
mantle. 
The melting curve of Jd was measured by Robertson et aL (1957) and Bell (1964) in 
the range of 1 to 4.3 GPa. Bell (1964) reported that jadeite melts incongruently into albite 
plus liquid in the pressure range of 2.5 to 3 GPa and congruently above about 3 GPa. Liu 
found that jadeite is stable at least to 21 GPa at 1000 °C and breaks down to a mixture of 
NaAlSi04 (NaScTi04-type) plus stishovite at 24 GPa and 1000 °C. McQueen et al. (1967) 
reported Hugoniot data of Jd over 100 GPa and suggested that the data indicated at least 
one phase change near 55 GPa and 500 °C. 
Liu (1979) made some detailed studies of the phase transitions of Di and found that Di 
is stable up to about 20 GPa at 1000 °C. Mao et al. (1977) carried out two runs on synthetic 
diopside at 21.7 and 42.1 Gpa. They found that the products consist of perovskite-type 
MgSiOs plus a glass. These results indicate that pyroxene structure is very stable at high 
pressure. 
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6. Summary of studies for En-Di, En-Jd and Di-Jd binary systems 
The phases of mterest in this study are En, E)i and Jd. They form three binary systems, 
En-Di, En-Jd and Di-Jd. Experimental studies on these systenos are reviewed in the previous 
sections. The following figures (Figure 2.1 - 2.3) show the major results of these studies 
graphically. The ternary diagram shown in later chapters is constructed on the basis of these 
three binary diagrams. 
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CHAPTER in. EXPERIMENTAL METHODS 
1. Experimental techniques 
Experiments were carried out with piston-cylinder apparatus (Rgure 3.1) similar to that 
described by Boyd and England (1962). The procedures followed in the experiments are the 
same as those described by Windom and Unger (1988). The fiimace assembly is shown in 
Rgure 3.2. Briefly, furnace assemblies with a diameter of 19 mm were conq)osed of a 
cylinder of NaCU which is used as the pressure transmitting medium, a heater made from a 
cylinder of graphite, and a cylinder of glass niserted between the NaCl bushing and the 
graphite heater. Gauge pressure was maintained to a fixed reading by repeatedly pumping or 
bleeding the pressure which results in an uncertainty of sample pressure of ± 0.02 GPa. 
Tenqjeratures were measured by tungsten-Re26% vs. tungsten-Re5% thermocouple and were 
automatically controlled to ± 2 °C. Sample was placed in a Pt capsule which is electrically 
insulated from the heater by a BN sleeve. BN rods filled the space above and below the 
capsule. The experimental products were examined by optical technique first, then their 
compositions were determined by the electron microprobe. 
2. Experiment design 
The key of this study was to determine the conopositions of coexisting Cpx and Opx 
solid solutions at 25 Kb. A basic requirement is that the system must reach equilibrium. 
Therefore, the critical technique for the experiment is how to ensure that the system has 
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Figure 3.1 Piston-cylinder apparatus used in this study 
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reached equflibrium. Temperature and time are inq)ortant factors affecting the approach to 
equilibrium. 
Theoretically, the time needed to reach equilibrium can be predicted based on Pick's 
Law. Unfortunately, there are no available diffiision coefBcients on Na  ^Al^  and Mg"  ^in 
Cpx and Opx solid solutions. However, difiiisivity of cations in other silicate minerals tell us 
that the cation diffusion in common silicates is very slow. For example, the diffusivity of Mg 
in garnet measured by Cygan and Lasaga (1985) can be described by the relationship 
D = 9.8 X 10' (M  ^sec ') 
where R is in joules/mole-K. Using the simplest solution of the diffusion equation boundary 
conditions: 
C(x,0) = 0, X > 0; 
C(0,t) = Co, t >= 0; 
C(«»,t) = 0, t>= 0, 
where x represents distance from the contact of two phases, t is time, C(x,t) means the 
concentration of one element at distance x and time t, at 1000 °C, the time to get a 
concentration of Co/2 at x = 0.005 mm is estimated to be 230 days. Diffusion of similarly 
charged species is always more rapid than diffusion that involves charge coupling, because 
diffusion of similarly charged species only requires migration of two cations at a time. Since 
sodic Cpx and Opx solid solutions deal with coupled diffusion, the diffusion rate might be 
lower than that of Mg^  ^in garnet. Practically, it is not feasible to do experiments for such a 
long time. Typically, in this study, the run duration at lower ten^rature is set to 6 days and 
32 
less than 4 days at higher temperatures. In order to promote the reaction rate, gels plus some 
crystal seeds and Na2Si20s flux were used as starting materials. Gel has higher free energy 
than crystals and should favor a higher cation difhision rate. The flux was used to promote 
the diffusion also. Seeding the charge with crystals (about 5-10 ^ m wide and 10-30 [im long) 
was necessary in order to eliminate the need to form nuclei of crystals, which requires 
overstepping of equilibrium because of activation energy needed for nucleation. Also, nuclei 
formed from gel or glass may not be the stable phase. 
In a previous study, Wang (1996) determined that at lower temperature (< 1050 °Q, it 
is very hard to reach equilibrium for the entire charge in the small capsule. In some runs with 
lower tenqjeratures, conq)ositional zoning was observed in some larger grains. In this case, 
we use the composition of the rim of the seeds as the equilibrimn composition. In the 
duration of the experiments, it was expected that the seeds equilibrated with the matrix, 
approaching the equilibrium composition from the direction of their original conq}osition. 
This approach to obtain equilibrium composition was also used by other investigators (e.g., 
Lindsley and Dixon, 1976, Gasparik, 1984, 1989, 1990). In order to locate the seed in 
microprobe analysis easily, about 5% percent seed was added to the starting material. 
3. Microprobe analysis 
Microprobe analysis for the sanq)les was done using an acceleration voltage of 15 kV 
and a beam current of 20 nA. Natural san;q)les were used as standards, woUastonite for Si and 
Ca, albite for Na and Al, and diopside for Mg. 
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In order to eliminate the probe data that might be from the matrix or the overlapped 
area of seeds and matrix, a threshold was set to the data. Only the data satisfying the 
following conditions were accepted: 
1) 102%> Oxide total > 98% 
2) 4.02 > Formula total > 3.98 . 
4. Starting material 
Starting materials were mixes of high purity oxide gel, crystals of Jd and En and 
sodium disilicate flux. To examine the effect of the bulk composition on the solid solutions of 
Opx and Cpx, starting materials with different bulk compositions were used (Table 3.1). 
Basically, the ratio of En component to the sum of Jd and Di components is fixed to 1, but 
the ratio of Jd to Di is different for different runs. 
Table 3.1 Composition of starting materials (in mole %) 
Mix En Jd Di Na2Si205 En:Jd:Di 
(gel+seeds) (gel+seeds) (gel) 
A 48.54 24.27 24.27 3 2 : 1 : 1  
B 48.54 12.13 36.41 3 4 : 1 : 3  
C 48.54 36.41 12.13 3 4 : 3 : 1  
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The Jd crystal seeds (S - 20 ^ m) used in the starting material were natural samples from 
New Idria, California (Coleman 1961) and the En crystals (2 - 10 jim) were synthetic 
materials made by hydrothermally crystallizing gels. No Di seeds were used. A picture of the 
seeds observed under microscopic examination is shown in Hgure 3.3. The mixed starting 
materials were fired at 800 - 900 °C for about 8 hours to remove moisture. 
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Figure 3.3. Photomicrograph of seeds used in starting materials 
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CHAPTER IV. EXPEREilENTAL RESULTS AND DISCUSSION 
A total of 23 runs was carried out in a temperature range from 950 to 1300 °C. Two were 
reversal runs. After optical examination and microprobe analysis, only 16 runs were accepted. 
The reason that some runs are rejected is that the crystals of Cpx and Opx could not be 
detected either by optical examination nor microprobe analysis. The experimental conditions 
and results are listed in Table 4.1 and are shown graphically in Hgures 4.1 - 4.8. Complete 
microprobe data are given in Appendix A 
Mole fractions of pyroxene components were calculated from cations per six oxygens. 
Most of the analyses indicated that some concentrations of Mg-Tschermak (Mg-Ts, 
MgAloSiOe) and Ca-Tschermak (Ca-Ts, CaAlaSiOa) components were also present. For 
simplicity and assuming a ternary system model, the Mg-Ts and Ca-Ts con^onents were 
excluded and thus the sum of mole fractions of Jd, Di, and En were normalized to 1. In Cpx, 
only Ca-Ts is assumed to be present and in Opx, only Mg-Ts is assumed. 
In three of the runs (JED-1 and JED-3), forsterite was detected, but no Opx was 
detected by the microprobe analysis. The possible reaction to form forsterite is (Windom and 
Unger, 1988) 
NaAlSi206 (Jd) + Mg2Si206 (En) = NaAlSisOg (Ab) + Mg2Si04 (Fo). 
However, Ab was not detected possibly because the amount of Ab is very limited and its 
grain size is small. This reaction might be responsible for being unable to detect Opx grains -
some of the very limited En seeds were consumed by this reaction. 
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In general, ten^rature is an in^rtant factor affecting the reaction rate. In this 
experimental study, this factor is very prominent. At temperatures below 1000 °C, the 
reaction took place very slowly. Rgures 4.10 and 4.11 show photomicrographs of the run 
products at 1250 °C and 1300 °C. By comparison with the starting seeds (Rgure 3.3), we 
can see substantial crystal growth. Hgure 4.12 - 4.15 show the backscatter images of 
samples at 1000, 1100, 1200, and 1250 °C from electron microprobe. Although JED-2 Ic 
(1000 °Q ran for about 10 days, most of the gel did not crystallize and the seeds did not 
grow. Because of the slow reaction rate at low temperature, I had to abandon my original 
plan to conduct experiments at 800, 850, and 900 °C. Actually, 3 runs were conducted at 950 
°C. Because of the poor image imder the electron microprobe, no acceptable data were 
obtained. At 1200 °C, only 200 °C above 1000 °C, from the backscatter image, it seems that 
all starting materials are crystalline. 
Compositional zoning was observed in some sanq}les. Figure 4.16 shows one zoned 
Cpx grain. In order to investigate the homogeneity of the grains, two large crystals from run 
JED-6 (1050 °Q were probed point by point across the grains. The results (Figure 4.17) 
show that the distributions of the cations in one of the Opx grains is homogeneous. But in 
Cpx grains, compositional zoning was observed. This is understandable because the 
concentration of Jd and Di in Opx is very limited. Thus the zoning is hard to detect. At higher 
temperatures (above 1150 °C), no zoning was detected either microscopically or using the 
electron microscope. Many grains have a length of about 70 (jm. This indicates that growth 
rate of the crystal at high ten^erature is fast. 
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The isotherms in Figure 4.1 - 4.9 were estimated based on the microprobe results listed 
in Table 4.1 and the modeling result of the binary systems, Jd-En (Wang, 1996) and En-Di 
(Gasparik, 1990). The dotted lines represent the isotherms estimated based only on the binary 
systems, with no data from this study. Because at ten^ratures above 1150 °C, the En-Jd 
system consists of liquid and En phases (Wang 1996), and the melting point increases with 
increasing content of Di conq>onent, there should be a region in the ternary diagram in which 
liquid and Opx coexist. This region is indicated by the dashed curve in Hgure 4.9. 
The standard deviations in Table 4.1 indicate scattered probe data, which is larger at 
lower temperatures than at higher temperatures. I believe that there are three main causes of 
scatter among these data: (1) Compositional zoning that produces skewness toward the 
composition(s) of the original starting phases(s), as discussed before. (2) Grain-overlap 
between Cpx and Opx or overlap between grain and matrix, yielding apparent con:^)ositions 
lying within the two-pyroxene Cpxss and Opx  ^field and thus also resulting in skewness. We 
tried to avoid such regions of overlap during microprobe analysis but were not always 
successfril. (3) Random scatter resulting from counting statistics. Due to these causes, I treat 
the data within the standard deviation equally although most of the time I used the average 
when I constructed the miscibility gap. I need to point out that there is no a priori reason to 
choose a "best" value at a particular point within the limits imposed by the standard deviation. 
Although I have drawn the isotherms as lines in Figures 4.1 - 4.9, they might be represented 
as bands several mole percent wide. 
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Table 4.1. Experimental conditions and results at 25 Kb 
Run# Mix^ T(°C) t(h) Phase " s' Cadons/6 oxygens En" Di" 
Si A1 Mg Ca Na Sum 
JED-l A 1100 144 Cpx 
Opx 
Fo 
9 i007 0.365 0.851 0.409 0.359 3.990 22.1 (3.9) 41.0(4.6) 
JED-2 A 1200 96 Cpx 
Opx 
15 
14 
1.987 
1.975 
0.308 
0.110 
0.987 
1.810 
0.451 
0.056 
0.250 
0.038 
3.984 
3.989 
26.4 (4.7) 
88.7 (2.7) 
45.8 (6.7) 
5.8 (0.9) 
JED-3 A 1150 144 Cpx 
Opx 
Fo 
32 2.006 0341 0.883 0.420 0.349 3.998 235(1.9) 42.0 (3.3) 
JETM' A 1150 
1100 
144 
192 
Cpx 
Opx 
24 
2 
2.006 
2.003 
0.345 
0.043 
0.864 
1.874 
0.428 
0.033 
0.358 
0.044 
4.00I 
3.997 
21.8 (3.6) 
92.1 (0.0) 
42.8 (3.7) 
3.3 (0.1) 
JED-5' A 1100 
1050 
192 
144 
Cpx 
Opx 
27 
17 
2.001 
2.002 
0.367 
0.059 
0.805 
1.843 
0.458 
0.037 
0.367 
0.057 
3.999 
3.997 
175(1.2) 
905(1.7) 
45.8(1.8) 
3.7 (0.8) 
JED-6 A 1050 144 Cpx 
Opx 
Fo 
9 
9 
2.012 
2.011 
0.400 
0.052 
0.772 
1.793 
0.395 
0.034 
0.415 
0.098 
3.995 
3.999 
19.7(1.8) 
89.1 (1.9) 
395 (4.2) 
3.4(1.4) 
JED-7 A 1100 144 Cpx 
Opx 
12 
6 
1.965 
1.980 
0.497 
0.093 
0.805 
1.824 
0.288 
0.038 
0.460 
0.073 
4.015 
4.009 
25.0(1.3) 
90.1 (1.7) 
29.8(1.4) 
3.9 (0.7) 
JED-8 A 1150 135 Cpx 
Opx 
8 
4 
1.984 
1.983 
0.362 
0.064 
0.922 
1.869 
0J90 
0.040 
0.349 
0.057 
4.007 
4.013 
255(1.3) 
89.9 (05) 
38.9 (2.3) 
4.0 (0.2) 
JED-IO A 1000 144 Cpx 
Opx 
10 
14 
1.964 
1.987 
0545 
0.070 
0.716 
1.858 
0.282 
0.038 
0311 
0.052 
4.019 
4.004 
215 (2.2) 
91.6 (2.2) 
25.6 (5.8) 
3.8(1.1) 
JED-14 A 1200 72 Cpx 
Opx 
8 
3 
1.998 
2.013 
0.296 
0.059 
0.989 
1.811 
0.426 
0.051 
0.290 
0.047 
3.999 
3.981 
28.0(1.4) 
88.0 (0.5) 
42.9 (4.1) 
5.1 (0.3) 
JED-15 A 1150 120 Cpx 
Opx 
21 
18 
1.988 
1.969 
0.336 
0.097 
0.921 
1.843 
0.448 
0.051 
0.303 
0.045 
3.995 
4.005 
23.3 (3.9) 
90.9 (2.9) 
45.4 (5.4) 
5.3(1.4) 
JED-17 B 1250 51 Cpx 
oiix 
12 
19 
1.954 
1.934 
0.313 
0.177 
1.006 
1.791 
0519 
0.057 
0.195 
0.038 
3.987 
3.996 
27.3 (4.2) 
89J (2.1) 
49.6 (6.2) 
6.1(1.1) 
JEIM8 B 1300 24 Cpx 
Opx 
20 
6 
1.936 
1.925 
0.289 
0.157 
1.128 
1.808 
0.477 
0.079 
0.179 
0.047 
4.009 
4.012 
31.4(1.6) 
89.6(1.2) 
50.9 (2.4) 
8.1 (0.2) 
JED-20 B 1150 127 Cpx 
Opx 
17 
3 
1.985 
1.985 
0.216 
0.035 
1.006 
1.906 
0.609 
0.048 
0.182 
0.028 
3.998 
4.002 
19.2(1.3) 
92.0(1.3) 
60.9(1.3) 
4.8 (05) 
JED-21b B 1000 252 Cpx 
Opx 
8 
4 
2.000 
1.993 
0.271 
0.046 
0.866 
1.901 
0.598 
0.026 
0.260 
0.038 
3.995 
4.004 
13.3(1.0) 
91.4(2.6) 
60.0 (6.4) 
2.7(1.7) 
JEI>-21c C 1000 252 Cpx 
Opx 
15 2.002 0.575 0.670 0.166 0.585 4.000 255 (2.8) 16.2 (5.6) 
a 
b 
c 
d 
Bulk compositions of the mixes are given m Table I 
Jdss - Cpx solid solution; Eriss - Opx solid solution; L - liquid 
The total number of analyses accepted for each phase 
Jd+En+Di normalized to 100 excluding Mg-Ts or Ca-Ts component; values in 
parenthesis are standard deviations 
Reversal run 
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En 
Jd 
Figure 4.1. Compositions of coexisting Opx and Cpx at 1000 °C and 2.5 GPa. The length of 
the bar equals 2asin60°. 
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En 
Jd 
Figure 4.2. Compositions of coexisting Opx and Cpx at 1050 °C and 2.5 GPa. The length of 
the bar equals 2asin60°. 
42 
En 
Figure 4.3. Compositions of coexisting Opx and Cpx at 1100 °C and 2.5GPa. The length of 
the bar equals 2asin60°. 
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En 
Figure 4.4. Compositions of coexisting Opx and Cpx at 1150 °C and 2.5 GPa. The length of 
the bar equals 2osin60°. 
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En 
Figvire 4.5. Conq)ositions of coexisting Opx and Cpx at 1200 °C and 2.5 GPa. The length of 
the bar equals 2osin60°. 
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1250 'C 
Figure 4.6. Compositions of coexisting Opx and Cpx at 1250 °C and 2.5 GPa. The length of 
the bar equals 2cysin60°. 
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Di 
Figure 4.7. Compositions of coexisting Opx and Cpx at 1300 °C and 2.5 GPa. The length of 
the bar equals 2asin60°. 
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Figure 4.8. This diagram show compositions of coexisting Opx and Cpx from all the runs at 
2.5 GPa and different temperatures. The length of the bar equals 2cjsin60°. 
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Rgure 4.9. Ternary diagram of En-Jd-Di system. Isotlierms are estimated from the 
experimental data of this study and data of binary systems En-Jd and En-Di 
from other studies (Wang, 1996; Gasparik, 1990). 
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Rgure 4.10. Photomicrograph of thin section of sample at 1250 °C (JED-17). 
50 
Figure 4.11. Photomicrograph of thin section of sanq)le at 1300 °C (JED-18). 
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Figure 4.12. Backscatter image of sample at 1000 °C (JED-10). 
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Figure 4.13. Backscatter image of sample at 1100 °C (JED-1). 
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Figure 4.14. Backscatter image of sample at 1200 °C (IED-2). 
Figure 4.15 Backscatter image of sample at 1250 °C (JED-17). 
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Figure 4.16. Zoned grain observed from run JED-6 at 1050 °C. 
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Figure 4.17. Cation distribution in a large crystal from run JED-6 at 1050 °C. 
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CHAPTER V. THERMODYNAMIC MODELING FOR THE 
ENSTATITE-JADEITE-DIOPSroE SYSTEM 
Although I spent a lot of time trying to model this ternary system, no satisfactory result 
has been obtained due to the complication of the modeling process and the special properties 
of the thermodynamic relations. In this chapter, I will give a concise description of the 
principles of the thermodynamic modeling and my unsuccessfiil experience in modeling this 
complicated systenL 
1. Related models 
Successfiil thermodynamic models for the orthopyroxene and clinopyroxene equilibria 
should be able quantitatively to predict phase relations over a wide P-T range, as well as to 
provide accurate temperature estimates from compositions of coexisting pyroxene pairs. In 
addition, the thermodynamic parameters derived from the model should have some physical 
meanings. However, as mentioned in Chapter I, the orthojadeite and orthodiopside are 
fictive phases, the parameters derived from the Jd-En-Di modeling actually do not have real 
physical meanings. Therefore, to some extent, the modeling is somewhat arbitrary. 
Most of the previous models for Cpx and Opx deal with binary systems. No 
publications regarding this ternary system have been found. Among the binary systems, En-Di 
join has been studied most. A review and an improved model for En and Di was given by 
Lindsley et al. (1981). The review of Lindsley et al. (1981) includes an exposition of the 
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theoretical aspects of thennodynamic modeling applied to Ca-Mg pyroxenes and affords a 
critical comparison of the approaches taken by the variety of earlier investigations of this sort. 
Apparent in that review is the evolution with time of increasmgly more sophisticated 
formulations of the basic thermodynamic equalities. In their sinq)lest form, these equalities 
merely require that the chemical potential (Jii^ for each of the two con^nents En and Di 
must be equal in any set of pyroxenes coexisting at equilibrium. That is, 
HEn°  ^= and 
Later, Carlson and Lindsley (1988) and Gasparik (1990) remodeled this binary system by 
incorporating new data at high pressures. Their approaches are similar to the treatment of 
Lindsley et al. (1981). All of these models consider non-ideal Ca-Mg mixing only on the M2 
site and use asymmetric formulation for the Cpx solution and symmetric Opx solution. Since 
only one-site mixing is assumed, this kind of model is equivalent to molecular solution model 
According to their models, the conditions for equilibrium are expressed as follows: 
AG°e„ = M°(T,P) - m°(T,P) £0°^" = RTln(X X En'''"') + RTln(7E„°PVyE„^P") 
AG°Di = M°(T.P)Di^ ''" - ji°(T,P)Di°  ^= RTIn(XDi + RTln(YDi°^ " 
Here, RTln(7En°''V7En'''"') and RTln(yDi°''* represent the non-ideal mixing properties of 
each solution and X is mole fraction, y is activity coefficient. 
In the models of Lindsley et al. (1981) and Carlson and Lindsley (1988), the "standard-
state" terms in the formulation, AG°eii. AG°Dj are treated as linear functions of ten^rature 
and pressure and do not attempt to take into account differences in the compressibilities and 
expansivities of end members. 
59 
AG° s - n°(TJP)°  ^= AU° + PAV° - TAS°. 
In Gasparik's model, the standard-state is expressed as 
AG° s ^ °(T,PfP" - = AU° + PAV° - bP^- TAS°, 
and activities of the pyroxene coQq)onents were approximated by the Redich-Kister equation 
(Redlich and Kister 1948; Gasparik 1984a): 
for Cpx: 
RT In aea = RT In Xe„ + AcXoi" + BG(4XDi' - SXdT) + CG(12XDi^ - 16XDi^ + SXa'), 
RT In aoi = RT In XaH- AgXe„- + Bg(3Xe„- - 4Xe„^) + CG(12XEa'* - leXgn' + SXEn'). 
for Opx: 
RT In agn — RT In Xed + AgXdi" 
RT In aui — RT In Xk + AoXgn" 
where Ac = Ah - AsT + AvP, etc. The Ac and Co parameters produce a symmetric solution, 
Bg introduces asymmetry. While in the models of Lindsley et al. (1981) and Carlson and 
Lindsley (1988), Margules formulation is used to express the activities: 
for Cpx: RT In aoi = RT In Xk + (X En )-(2WG En - WGoi) + 2(X En) '(WGa - WG En) 
RT In ae„ = RT In Xe„ + (Xoi )-(2WGDi - WG e„ ) + 2(XDi )'(WG e„ - WGpi), 
for Opx: RTIn aa = RT In Xa + (Xe„ )-WG 
RTIn ae„ = RT In Xe„ + (Xoi )"WG . 
As to the Margules parameters, all the authors treat the parameters for Cpx as 
dependent on pressure but independent of temperature. However, the Opx Margules 
parameter, WG° ,^ was arbitrarily chosen by the authors. The only constraint to this 
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parameter is to make sure that the fictive orthodiopside end member remains less stable than 
DL A value of 25 kJ was chosen by Lindsley et al. (1981), and 20 kJ was used by Gasparik 
(1990). Carlson and Lindsley (1988) chose a value which is dependent on pressure: WG°'"= 
28.60 - 1.794P (kJ). 
Since the calorimetric data at high pressures for En, Jd and Di are very limited and 
there are no data for the fictive phases orthojadeite and orthodiopside, all the thermodynamic 
parameters above need to be derived firom the experimental data. To do this, a linear 
programming technique was used by the authors mentioned above in their modelings to 
derive the thermodynamic parameters . This technique presimies that the thermodynamic 
parameters can vary over a range of values while still satisfying the constraints that AG°En 
should be positive and AG°Di should be negative. Modeling procedures conunonly employed 
involve simultaneous fitting of all experimental data. One major problem in this approach is 
that the relationship between the phase compositions and the model parameters is nonlinear; a 
small error in the input con^ositions can sometimes result in very large errors in AG. 
Lindsley et al. (1981) suggested a solution to this problem: the input compositions in the 
least-squares regression are adjusted within acceptable limits until all residuals become 
negligible. Gasparik (1990) used a different approach. Instead of adjusting the experimental 
compositions, the model parameters were adjusted; each time an adjustment was made, 
selected con^sitions were calculated with the newly modified model and conq)ared with the 
compositions constrained by experiments. In short, the procedure of modeling En-Di binary 
system is very trivial. Care must be taken to achieve a reasonable result. 
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Except for AGeo, all other parameters derived by different authors are different. But 
each model gives a close fit to the experimental data. 
The study for En-Jd system is very limited. Only one model has been reported for this 
system (Gasparik 1992). In this model, non-ideal Na-Mg mixing only on the M2 site is 
assumed because of the coupled cation exchange between Na^Al^  and Mg"^g~  ^Thus, the 
approach used in this modeling is identical to the one used for En-Di system (Gasparik, 
1990). 
2. Modeling the En-Jd-Di ternary system 
The microprobe data in this study show that the content of Al^  in the tetrahedral site is 
very limited. Therefore, for simplicity, I have chosen to ignore its affect on the mixing 
properties of pyroxenes. As discussed in section 1, cation exchange in Ml and M2 is coupled 
by Na^AI  ^and Mg'^ g"" .^ Therefore, it is reasonable to use a 3-cation mixing model to treat 
this ternary system, that is, Mg, Ca, and Na mix only on M2 site. In this model, the atomic 
fractions of Mg, Ca and Na are equivalent to the mole fractions of En, Di and Jd. 
The thermodynamic constraints for the binary systems, are also applicable to the 
ternary En-Jd-Di system. There are 3 constraints for the ternary system: 
hoi'*" = 
= h,/". 
At equilibriimi, we have 
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AG°e„ = = RTIn(xe„°p* /xea""") +RTln(7e„°  ^
ag°di = hv"" - = rtln(xdi°  ^ +rtln(7bi°  ^ ) 
AG°„ = H°d°  ^= RTln(X„° /^X„'''«) +RTln(Yjd°^). 
An asymmetric Margules expansion for Gexcess for a 1-site crystal with N conqK)nents 
mixing on the site has been published by Berman (1990) (see also Berman and Brown 1984; 
and Jackson 1989): 
D-t n a 
Gexcess — SZSWGijk(XiXjXO (5-1) i=I j=l fcg 
k^( 
where WG is the mixing parameter. 
For a ternary systeno, this results in 
Ge««s= WGM2X,X,X2 + WG,22X1X2X2 + WG,,3X1X1X3 + WG,33X1X3X3 + 
WG223X2X2X3 + WG233X2X3X3 + WG,23X,X2X3. (5-2) 
The chemical potential for any component in a ternary system is 
2 3 3 
\im = + RTlnX™ + S Z Z WGijk(Q i^XjXk/X™ - 2XiXjXk) (5-3) i=l j=I k=j»i 
where Q i^s equal to the number of the i, j and k subscripts that are equal to subscript m. 
Each of the Margules parameters has the same significance as along each of the respective 
binary joins: 
WG,22= WG12 along the component 1-2 binary 
WG112 = WG2, along the component 1-2 binary 
WGt33 = WGi3 along the coiiq)onent 1-3 binary 
WGh3 = WG31 along the con^nent 1-3 binary 
etc. 
The term WG123 is called a ternary interaction term and describes a symmetrical interaction 
within the ternary solution. 
Based on the above relations, 3 governing equations for modeling the En-Di-Jd ternary 
system are derived: 
AG°En- RTln(X En°  ^/ X 
= WGed°^[(X di°  ^)' - 2 X (X di°  ^f ] 
+ WGdE®^" 2 [ X En°  ^X - (X En°  ^f X Di°^] 
+ WGe,°P'' [(X )- - 2X (X )- ] 
+ WGje°  ^2 [ X E„°P" X - (X En°^  )- X Jd°^] 
+ WGdj"^" (-2 )[X Di°  ^(X;d°P")- ] 
+ wgjd°^" (-2 )[(XDi°  ^)' Xjd°  ^] 
+ WGedj° '^' [X X Jd°  ^- 2X X Di°^ 'X M°^ ] 
+ WGed'""' [2 X En'''"' (X )' - (X Di^ P" )-] 
+ WGde'^ '" 2 [(X En '^" )- X - X Ea^"  ^ X Di^ H 
+ WGQ'^ '" [2 X En'"'" (X f - (X )-] 
+ WGJE'^ P" 2 [(X En^^P" )- X - X En^"" X 
+ WGdj''^  2 [X (X Jd'"")' ] 
+ wgjd'^ '" 2 [(xdi'^ p")- xid'^ p" ] 
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+ WGedj"""  [ 2XXXj /""-XDi '""  X (5 -4 )  
AG°Di - RTln(X Di°  ^/ X 
= WGed°  ^[ X En'^ X - X Ea°^(X Di°^)^] 
+ WGde°  ^[(X ea°  ^)- - 2(X X di°^] 
+ wgej°  ^(-2 )xen°^(xjd'^  )-
+ WGje°^(-2 )X JD°^(X ea°  ^)-
+ WGDJ°^[(X Jd°  ^)- - 2X Di°^(X Jd°  ^F ] 
+ WGJD°  ^[ X DI°  ^X /D°  ^- (X DI°  ^)-X JD°^] 
+ WGEDJ°  ^[X EO°^X u°^  - 2X EN°  ^X DI°^X 
+ WGED^P" 2 [ X E„ '^"(X DI'^ '")  ^- X EN'^ '" X ] 
+ WGde'''"' [2(X en'"")-X - (X en'''"' )" 1 
+ WGej'^ '" 2X en^P'CX JD'^ '" )-
+ WGJE""  ^2 X JD'^ '" (X EN*"" )-
+ WGNI'^ '" [2 X DI'^ '^ CXJD'''" )- - (XW'^ '" )" ] 
+ WGJD'^ '"' 2[(X F X JD'""' - X DI'""' X JD'^ '"' ] 
+ WGedj'""' [2X En^P'' X Di'''" X Jd*"" - X En""'" X ]; (5-5) 
AG°jd - RTln(X jd®^" / X jd^"") = 
WGed°^(-2 )X e„°P  ^(X di°  ^)-
+ wgde°^(-2)xdi°  ^ (xeo'^ )  ^
+ WGEJ°  ^2 [X JD°  ^X E„°P* - (X JD°^)-X EN°^] 
+ WGje^P" [(X E„°P" )- - 2X jd'^ (X En°  ^)- ] 
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+ V/Gds°^  2 [X w°^ X Di°^  - (X jd°^ )-X Di°^ ] 
+ WGro°^  [(X Di°^  )- - 2X w°^ (X Di°^  )" J 
+ WGedJ°^  [X En°^ X Di°^  - 2X Ea°^ X Di°^ X u°^ ] 
+ WGed'^ '" 2X En'^ '^ CX )-
+ WGde'""' 2X Di'^ '"(X En^"")-
+ WGei""" 2[(X j/'")^ X - X //'"X ] 
+ WGje""" [2X ^ '""(X e„^ P" )- -(Xe^^"" )- ] 
+ wgdj'^ '" 2 [(x/d'''")'xdi'^ '"' - xid'^ ^xoi'"" ] 
+ WGiD"^"" [2X jd'^ ^CX )- - (X )- ] 
+ WGedj""  ^[2X en'"'" X Di'^ '^ X - X ea'^ '^ 'X di""" ] (5-6) 
where E = enstatite, D = diopside, J = jadeite, AGi = n° = AUi" + PAVi° - TASi°. 
As mentioned in section 1, AGed, AGoi and AGjd and the Margiiles parameters along 
the binary systems, En-Jd, Jd-Di and En-Di, have been determined by previous studies 
(Lindsley et al. 1981, Carlson & Lindsley 1988, Gasparik 1990). Theoretically, we can apply 
these parameters to the ternary model and only one parameter, WGedj. the ternary interaction 
term, needs to be determined from the experimental data. This implies that one pair of data is 
sufficient to generate this Margules parameter. Unfortimately, my practice demonstrated that 
this approach was not feasible. The model derived from this approach could not reproduce 
other experimental data. The failure results from the special structure of the thermodynamic 
properties and the complication of the binary models. Recall the naodeling procedures 
discussed in section 1; the key to a successful modeling is that the thermodynamic parameters 
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are allowed to vary in a range as long as the constraints are satisfied. Obviously, using this 
kind of data to do sonoe strict complicated mathematics calculations will result in 
unpredictable results. 
Another possible approach to model this ternary is to follow Gasparik's approach 
(1990): adjust the model parameters and compare the calculated composition and the 
experimental data to see if the differences are acceptable. This approach works for binary 
systems because the number of Margules paranoeters is limited (at constant temperature, 3 
Margules parameters works fine). However, for the ternary system, there are 14 Margules 
parameters in the governing equations. If we assume that the Margules parameter is a linear 
fimction of temperatiure so that the isotherms can be constrained better, there will be 28 
parameters. Even if a symmetric solution model for Opx is assumed, there still are 11 
paranieters assuming that the parameters are independent of temperature. By adjusting 11 
parameters, the model can fit the experimental data but can not give reasonable isotherms in 
the ternary system. If we use a 28 parameter model, adjusting them manually is not a practical 
approach. 
My third try is to develop a mathematical model on the basis of the thermodynamic 
constraints. The basic idea is like this: instead of using 3 constraints, only the constraint 
is used in the modeling. The reason I chose this one is that AGen® has been 
defined much better by previous studies than the other two constraints. The value of AG°En 
used in the modeling is fi-om Gasparik's study (Gasparik 1992) which has the expression: 
AG°En = 3457 - 1.95T + 0.08P — lO-^P  ^(units in J, bar and K). To constraint the isotherm 
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better, an asymmetric solution model for both Opx and Cpx was enq)loyed and the Margules 
parameters were assumed to be a linear function of tenq)erature. Thus, there are 28 Margules 
parameters that need to be determined from the modeling. To solve the 28 unknown 
parameters, 28 pairs of experimental data are required to obtain 28 equations. In Table 4.1, 
there are only 13 pairs of data. These are not sufBcient to solve 28 unknown parameters. In 
order to solve this problem, some isothemas can be presumed based on the experimental data 
(see Figure 5.1). From these isotherms, unlimited pairs of data could be taken. Once the 
parameters are derived, they are substituted into equation 5-5 and 5-6 to calculate ACk and 
AG°JD- From previous discussion, AG^a and AG°JD should be negative. When they are not 
negative, other isotherms are tried. This procedure can be repeated until negative AG°Di and 
AG°JD were obtained. For doing this, a program was developed using Visual C++ ( The C-h-
codes are listed in appendix B). Using this program, by adjusting the isotherms from which 
the input data are derived, a set of Margules parameters has been obtained (see Table 5.1). 
Unfortunately, some discrepancies between the calculated temperatures and the 
experimental temperatures are too large to be accepted (The largest AT is about 4(X) °C). 
This problem ascribes to the complex mathematical expressions of the thermodynamic 
properties in a ternary system (see equation 5-3). Small errors in composition strongly affect 
the calculated temperatures, especially in Opx. In fact, the composition also strongly affects 
the thermodynamic properties. In the process to work out the parameters, it was found that a 
change of 0.01 mole fraction of the input conqjosition could result in a change of AG°Di or 
AG°jd from positive to negative or vice versa. This property leads me to abandon my original 
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atteiiq>t of using thermodynaniic equation obtained from the modeling process to calculate 
temperatures. Instead, I recommend using the ternary diagram, Hgure 6.1, constructed 
directly from the experimental data to estimated ten^ratures. Because the composition of 
Opx is not very sensitive to temperature, we can estimate tenq)eratures just based on the 
con^)ositions of Cpx. In this way, the maximum discrepancy of temperature is less than 50°C. 
Table S.l Maugules parameters (Units in J and K) 
Parameters Values 
wgED°  ^
-1.02431 x 10^ - 582.786 T 
wgDE°  ^
-6.67026 x 10*^ + 1192.75 T 
wgEJ°p* 
-3.96076 x 10' + 10970.4 T 
wgre°^* 
-2.9293 x 10' + 13422.3 T 
wgDJ®^" 
-9.04758 x 10' + 50750.7 T 
wgJD°p'' 
-4.67087 x 10' + 22108 T 
wgEDJ"^" -7.36072 x 10' + 30100.8 T 
wgED'"'^  23317.5 + 8.99562 T 
wgDE^"" -127008 + 99.966 T 
wgei^"^ 247093 - 148.102T 
wgje'""' -790678 + 590.725 T 
wgdj^"* -984142 + 705.538 T 
wgjd'""' -1.08314 x 10^^ + 780.915 7 
wgedj'''" -2.18336 x 10^^+ 1614.19 T 
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3. Suggestions for future modeling of the En-Jd-Di system 
In the above section, I only discussed the approaches of modeling the complicated 
ternary system from which a satisfied model could not be obtained. There is another 
in^rtant aspect that needs to be considered in future studies, that is, the solution model In 
this study, a one-site mixing solution model was employed because it was used in the binary 
modeling. The experimental data from this study show that some CaTs and MgTs 
components were detected. Strictly speaking, this is not a ternary system. We treat it as 
ternary system just for the purpose of simplicity. This is reasonable because the contents of 
CaTs and MgTs are very limited. For a successful model, this point should be considered. If 
we consider these components, a one-site mixing solution model is not valid because the 
mixing occurs on the tetrahedral site also. For a two-site mixing model, the expressions of the 
thermodynamic properties are more con:q>licated than the one-site model. Thus, the 
procedure of modeling will be very time consuming. Other questions also worth being 
mentioned; Is the distribution of Al^  and Mg"  ^on the Ml site ordered? Does Ca"  ^occupy 
M2 site only? If the answers are no, more complicated models need to be considered. 
From the point of view of pure mathematics, using one equation to fit all the isotherms 
in the En-Jd-Di ternary system is a very complicated process. More than 28 parameters are 
required to obtain a good fit. Of course, there noay exist a singular function that can fit all the 
isotherms with few parameters. 
70 
As mentioned before, the isotherms in Hgure 4.9 are estimated based on my limited 
experimental data. Within the analytical error, they can have other shapes. To obtain a more 
accurate diagram, more experimental work is needed. 
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CHAPTER VI. PETROLOGICAL SIGNIFICANCE 
1. Geothermometry 
Despite of the unsuccessful thermodynamic modeling, the experimental results from 
this study are very important to two-pyroxene geothermometry. Because the NCMAS system 
is closer to the natural system than any related binary systeixi, the temperatures estimated 
based on this study should be closer to the real value than those given by other pyroxene 
geothermometers. 
In order to use the results from this srudy to estimate temperatures of the natural 
system, a diagram has been constructed (see Figure 6.1). Due to the uncertainties of the 
isotherms of Opx, I suggest using the isotherm of Cpx only. But the precondition is that Opx 
and Cpx must coexist in the natural system Using this diagram, a maximum uncertainty of 
temperature is less than 50 °C. 
Besides Na, Mg, Ca, Al, and Si, most sodic pyroxenes contain a minor amount of Fe, 
Cr, Ni, and Mn (see Appendix B). In this case, we need to normalize the multicomponent 
pyroxene to the ternary En-Jd-Di system Theoretically, Na and Ca occupy M2 site in 
priority. So, all Na and Ca (excluding CaTs and MgTs) can be assigned to the M2 site, the 
balance (i.e., 1-XNa-Xca) is assigned to En component. Through this treatment, 22 natural 
samples used by Hervig and Smith (1980) were projected on the ternary diagram (Figure 6.2) 
and the temperatures estimated according to the ternary diagram are listed in Table 6.1. The 
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Figure 6.1. Isotherms in En-Jd-Di diagram. The isotherms are estimated based on the binary 
system and the experimental data of this study. 
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Di Jd 
Rgure 6.2. Natural saiiq)les projected on the ternary diagram. These sanq)les are part of the 
samples used by Hervig and Smith (1980) to develop their empirical geothermometer 
equation. The numbers associated with the black dot are the temperatures estimated 
according to Wells' geothermometer (Wells 1977). 
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Table 6.1. Estimated temperatures for natural sanq>les 
Samples 
T(°C) 
AT This study Hervig and Smith (1980) 
PHN3535 710 847 -137 
JVS73-76 730 789 -59 
PHN3532J 810 874 -64 
PHN3537 860 848 12 
JVS73-165 910 919 -9 
JVS73-152 920 977 -57 
JVS73-63 930 954 -24 
JVS73-154 950 985 -35 
JVS73-64 960 953 7 
PHN3536 980 910 70 
PHN3533 1040 950 90 
JVS73-155 1060 975 85 
JVS73-105 1155 1090 65 
JVS73-106 1160 1087 73 
PHN3539 1165 1152 13 
PHN3538 1210 1154 56 
PHN1925 1320 1274 46 
PHN1924 1330 1277 53 
PHN2575/3 1345 1295 50 
PHN1611 1365 1298 67 
PHN1597 1370 1371 -1 
PHN1596 1380 1366 14 
(I) Source reference and chemical compositions are listed in Appendix B 
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temperatures estimated by Hervig and Smith (1980) based on WeOs (1977) modification of 
the Wood and Banno (1973) thermometer are also listed in Table 6.1 for comparison. 
The chemical conq)ositions of these natural samples are listed in Appendix B for convenient 
review. 
From Table 6.1, we can see that except for sample PHN3535, the results from this 
smdy are quite consistent with those of Hervig and Smith (1980). But why are the results 
from Wang's study (1996) for the binary system Jd-En so different from Hervig and Smith's 
data? The bulk con^sition causes the difference. Specifically, the ratio of Na to Ca in the 
pyroxene is responsible for the difference. 
As we can see in Figure 6.2, most of the natural coexisting sodic Cpx and Opx have 
compositions with a value of Na/Ca less than 0.3. In the binary Jd-En system, this ratio is 
infinity. This ratio strongly affects the value of Kd ) as shown by the isotherms 
in Figure 6.1. Strictly speaking, it is impossible to use a linear equation to calculate 
temperatures for coexisting Cpx and Opx with different values of Na/Ca as proposed by 
Hervig and Smith (1980) because the Kd is both temperature and bulk composition 
dependent. However, for approximation, if the values of Na/Ca of samples vary in a limited 
range, it is possible to use a linear equation to represent the relation between temperature and 
Kd. To examine the uncertainties resulted from the approach, I plotted ten^rature vs. In Kd 
for the samples listed in Table 6.1 in Figure 6.3. This plot illustrates a linear correlation 
between temperature and In Kd. Least-square regression yields 
T (°C) = 1856.6-309.91 In Kd 
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Figure 6.3. Ten^rature vs. In Kd for the samples listed in Table 6.1. Kd = 
with R" = 0.9467. The largest error between the temperatures calculated from this equation 
and the temperatures estimated from the ternary diagram is 86 °C (see Table 6.2). 
Hervig and Smith (1980) reported a linear relation between reciprocal temperatiu-e and In Kd. 
But when I plotted the ten^rature vs. In Kd, a linear relation between temperature and In 
Kd is also revealed for the same samples (Figure 6.4). This is not surprising because these 
plots just represent statistical results. Since Hervig and Smith's equation was derived 
according to the Wells (1977) modification of the Wood and Banno (1973) procedure that 
produced consistent results with this study, I think that their equation 
T(°C) = 7525/(3.16 + In Kd) - 273 
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Table 6.2. Tenq)eratuies estimated from ternary diagram and regression equation for natural 
pyroxenes. 
SAMPLES y 
-X-Na XNa°  ^ InKd TtdTO"' tC(oq(2) Tc - Ttd 
PHN3535 0.123 0.004 3.42589 710 795 85 
JVS73-76 0.208 0.006 3.545779 730 758 28 
PHN3532J 0.11 0.004 3.314186 810 830 20 
PHN3537 0.129 0.004 3.473518 860 780 -80 
JVS73-165 0.204 0.011 2.920225 910 952 42 
JVS73-152 0.126 0.008 2.75684 920 1002 82 
JVS73-63 0.165 0.008 3.026504 930 919 -11 
JVS73-154 0.079 0.005 2.76001 950 1001 51 
JVS73-64 0.11 0.006 2.908721 960 955 -5 
PHN3536 0.12 0.007 2.841582 980 976 -4 
PHN3533 0.12 0.007 2.841582 1040 976 -64 
JVS73-155 0.069 0.004 2.847812 1060 974 -86 
JVS73-I05 0.114 0.011 2.338303 1150 1132 -18 
JVS73-106 0.114 0.011 2.338303 1160 1132 -28 
PHN3539 0.055 0.007 2.061423 1165 1218 53 
PHN3538 0.021 0.002 2.351375 1210 1128 -82 
PHN1925 0.153 0.029 1.663142 1320 1341 21 
PHN1924 0.129 0.02 1.86408 1330 1279 -51 
PHN2575/3 0.117 0.023 1.62668 1345 1352 7 
PHN1611 0.104 0.021 1.599868 1365 1361 -4 
PHN1597 0.116 0.026 1.495494 1370 1393 23 
PHN1596 0.113 0.026 1.469291 1380 1401 21 
(1) Ttd-' Temperature estimated from Figure 6.1 
(2) Tc: Tenq)erature calculated from T (°Q = 1856.6-309.91 In Kd 
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Figure 6.4. Temperature vs. In Kd for spinel and garnet Iherzolites. Data are from Hervig and 
Smith (1980). Kd = 
is a valuable geothermometer for pyroxenes with a ratio of Na to Ca less than 0.3. Users 
should keep in mind this limitation. Applying this equation to systems with ratios of Na to Ca 
much greater than 0.3 may result in larger errors. At higher ratios of Na/Ca, Figure 6.2 could 
be used to obtain reasonable temperatures. 
2. Implication in mantle petrology 
Several models for the composition of the mantle have been proposed by different 
authors (e.g., Ringwood 1975, Carswell 1968, Taylor 1980, Liu 1982). All the models 
consider pyroxene as a major component in the upper mantle and Na was assumed to 
concentrate in pyroxenes. Liu (1982) suggested that pyroxene accounts for 41 mole% of the 
y = -215.7ic +1611.1 • 
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upper mantle in which aluminous pyroxene (0.89MSi03 • 0.11AI2O3) (M = 
0.9Mg*0.1(Fe+Mn+Ni)) accounts for 33 moIe% and omphacite (O.SZCaMgSiiOe • 
O.lSNaAlSijOe) accounts for 8 mole%. The results of this study support the hypothesis that 
Na is concentrated in pyroxenes but does not support Liu's model strongly. The Cpx phase, 
omphacite, may consist of a large portion of En component, not just Di + Jd components as 
Liu (1982) suggested. 
81 
CHAPTER Vn. CONCLUSIONS 
The experimental results from this study indicate that the compositions of the 
coexisting Opx and Cpx solid solutions are temperature dependent. The concentrations of 
MgiSiaOe in Cpx increase substantially with increasing tenq)eratures but the content of 
NaAISiaOfi and CaMgSiiOe in Opx is very limited. 
There are four regions in the En-Jd-Di ternary conq)osition diagram: Cpxss, Opxss, 
CpXss+ OpXss, and L + OpXss- The region of Cpxss+ OpXss, represents the miscibility gap 
between Cpx and Opx. With increasing ten:q)erature, this miscibility gap decreases. 
The ternary diagram of En-Jd-Di can be used to estimate temperatures of natural 
assemblages of rocks containing sodic pyroxenes. The estimated temperature based on this 
ternary diagram is consistent with the temperatvures estimated by Hervig and Smith (1980) 
according to the Wells (1977) modification of the Wood and Banno (1973) procedure. Since 
the value ofXn^ /^Xn '^^  is dependent on the bulk compositions of the NCMAS system as 
well as temperature, as a statistical result, Hervig and Smith's geothermometer is applicable 
to systems with values of Na/Ca less than 0.3. 
An attempt to develop a thermodynamic model based on the experimental data failed. 
Thermodynamic relations in the En-Jd-Di ternary system are very conq)lex and the theoretical 
results are very sensitive to experimental and analytical uncertainties. Further work is 
necessary to provide additional experimental constraints before an acceptable model can be 
formulated. 
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APPENDK A. MICROPROBE DATA 
JED-lOb (1000 "O 
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOi AliOj MgO CaO NaiO Totals Si Al Mg Ca Na Totals 
Cpx 
57.297 11.291 16.069 8.950 6.448 100.056 1 .972 0.458 0.825 0 .330 0 .430 4.014 
57.078 13.146 13.113 9.774 7.065 100.176 1 .965 0.533 0.673 0 .361 0 .472 4.004 
57.283 12.634 14.569 9.057 7.112 100.655 1 .961 0.510 0.744 0 .332 0 .472 4.020 
57.446 13.563 13.985 8.599 7.341 100.932 1 .958 0.545 0.711 0 .314 0 .485 4.012 
57.812 12.816 15.154 7.730 7.389 100.901 1 .967 0.514 0.769 0 .282 0 .488 4.020 
58.123 12.453 15.333 7.681 7.492 101.081 1 .975 0.499 0.777 0 .280 0 .493 4.023 
56.616 13.767 13.757 8.493 7.490 100.123 1 .947 0.558 0.706 0 .313 0 .500 4.023 
57.624 14.476 13.848 6.586 8.501 101.035 1 .956 0.579 0.701 0 .239 0 .559 4.034 
58.185 14.804 12.965 4.504 9.091 99.549 1 .989 0.597 0.661 0 .165 0 .603 4.014 
56.327 16.189 11.588 5.613 8.987 98.704 1 .950 0.661 0.598 0 .208 0 .603 4.021 
Average 100.321 1 .964 0.545 0.716 0 .282 0 .511 4.019 
Standard deviation: 0.725 0 .012 0.054 0.062 0 .058 0 .055 0.008 
Opx 
59.561 0.766 38.394 0.479 0.351 99.550 2 .001 0.030 1.923 0 .017 0 .023 3 .995 
59.448 1.144 38.404 0.505 0.500 100.001 1 .990 0.045 1.917 0 .018 0 .032 4.003 
58.372 1.688 37.576 0.908 0.699 99.243 1 .974 0.067 1.895 0 .033 0 .046 4.015 
59.089 1.363 37.448 1.259 0.724 99.883 1 .986 0.054 1.877 0 .045 0 .047 4.010 
59.186 1.978 36.945 1.049 0.775 99.932 1, .986 0.078 1.848 0 .038 0 .050 4.000 
59.778 1.752 37.631 0.915 0.787 100.863 1. 987 0.069 1.865 0 .033 0 .051 4.004 
58.700 2.026 36.768 1.111 0.831 99.436 1. 981 0.081 1.850 0, .040 0 .054 4.006 
60.059 2.158 37.171 1.098 0.873 101.359 1, .987 0.084 1.833 0, .039 0. 056 3 .999 
59.255 1.912 36.442 1.038 0.862 99.509 1. 995 0.076 1.830 0. 037 0, .056 3 .995 
59.731 2.048 36.720 1.091 0.883 100.472 1. 993 0.081 1.826 0. 039 0, .057 3 .996 
58.856 1.963 37.200 1.164 0.882 100.065 1. 976 0.078 1.862 0. 042 0. 057 4.014 
59.465 2.262 36.861 1.332 0.919 100.838 1. 980 0.089 1.830 0. 048 0. 059 4.005 
59.509 1.556 37.210 1.067 0.962 100.303 1. 991 0.061 1.856 0. 038 0. 062 4.009 
59.570 2.101 36.152 1.669 1.179 100.670 1. 989 0.083 1.800 0. 060 0. 076 4.008 
Average : 100.152 1. 987 0.070 1.858 0. 038 0. 052 4 .004 
Standard deviation: 0.603 0. 007 0.016 0.034 0. 010 0. 012 0.006 
JED-21b (1000 °C) 
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOi AljO, MgO CaO NajO Totals Si Al Mg Ca Na Totals 
cpx 
57.122 6.358 16.432 15.541 3.981 99.434 2. 010 0.264 0.862 0. 586 0. 272 3 .994 
57.652 6.762 16.524 15.851 3.993 100.782 2. 002 0.277 0.856 0. 590 0. 269 3 .994 
57.806 7.135 16.473 16.921 3.686 102.021 1. 988 0.289 0.845 0. 623 0. 246 3 .991 
56.995 2.787 19.497 19.647 1.760 100.686 2. 003 0.115 1.022 0. 740 0. 120 3 .999 
57.904 7.512 15.840 14.911 4.575 100.742 2. 007 0.307 0.819 0. 554 0. 307 3 .993 
58.169 8.877 14.697 13.482 5.230 100.455 2. 012 0.362 0.758 0. 500 0. 351 3 .982 
56.475 7.157 16.950 15.914 3.981 100.477 1. 972 0.295 0.883 0. 596 0. 270 4.015 
57.641 6.399 17.058 15.977 3.630 100.705 2. 003 0.262 0.884 0. 595 0. 245 3 .988 
Averasge: 100.663 2.000 0.271 0.866 0.598 0.260 3.995 
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Standard deviacion: 0.657 0 .012 0.066 0.070 0 .064 0 .062 0.009 
Opx 
60.089 1.323 37.320 1.513 0 .843 101.088 1 .996 0.052 1.849 0 .054 0 .054 4.005 
60.112 0.455 39.338 0.257 0 .253 100.415 2 .001 0.018 1.953 0 .009 0 .016 3.998 
60.082 1.400 38.756 0.658 0 .557 101.453 1 .984 0.054 1.909 0 .023 0 .036 4.006 
60.343 1.489 38.517 0.548 0 .743 101.640 1 .989 0.058 1.893 0 .019 0 .047 4.006 
Averasge: 101.149 1 .993 0.046 1.901 0 .026 0 .038 4.004 
Standard deviation: 0.468 0 .007 0.016 0.037 0 .017 0 .014 0.004 
JED-21C (1000  "C)  
Wt% Cations/ 6  Oxygen 
Oxide Cation 
SiOi AljO, MgO CaO NajO Totals Si A1 Mg Ca Na Totals 
Cpx 
56.815 12.259 13.698 9.422 7 .008 99.269 1 .974 0.502 0.710 0 .351 0 .472 4.009 
57.251 13.759 12.468 6.532 8 .195 98.208 1 .993 0.565 0.647 0 .244 0 .553 4.001 
58.561 15.036 11.731 4.687 9 .212 99.298 2 .005 0.607 0.599 0 .172 0 .612 3.995 
58.191 13.242 13.520 4.355 8 .800 98.184 2 .016 0.541 0.698 0 .162 0 .591 4.007 
59.012 13.111 13.649 5.072 8 .500 99.432 2 .020 0.529 0.696 0 .186 0 .564 3.995 
58.688 14.969 12.836 4.489 8 .890 99.961 1, .995 0.600 0.651 0, .164 0 .586 3.995 
SI.lie 15.368 12.672 3.288 9 .335 98.496 1. 989 0.624 0.651 0, .121 0 .623 4.008 
59.645 14.606 12.861 3.670 9 .302 100.1912. 018 0.582 0.649 0. 133 0 .610 3.993 
59.615 14.092 13.126 3.715 9 .229 99.840 2. 024 0.564 0.665 0. 135 0 .608 3.996 
59.790 14.294 12.669 3.803 9 .157 99.767 2. 030 0.572 0.641 0. 138 0 .603 3.984 
58.801 14.003 13.946 3.870 9 .033 99.722 2. 003 0.562 0.708 0. 141 0 .597 4.012 
57.249 14.519 13.698 4.596 8, .441 98.535 1. 977 0.591 0.705 0. 170 0, .565 4.009 
59.591 15.068 13.001 3.724 9, .190 100.643 2. 007 0.598 0.653 0. 134 0, .600 3.992 
58.927 15.408 13.386 3 .042 9 .243 100.052 1. 994 0.615 0.675 0. 110 0 .606 4.001 
59.058 14.382 13.723 3.569 8. 901 99.705 2. 008 0.576 0.695 0. 130 0 .587 3.996 
Average 99.420 2. 004 0.575 0.670 0, .166 0, .585 4.000 
Standard deviation: 0.727 0. 016 0.032 0.031 0. 059 0, .036 0.008 
JED-5  (1050  "O 
Wt% Cations/ 6  Oxygen 
Oxide Cation 
SiOi AljOj MgO CaO Na^O Totals Si A1 Mg Ca Na Totals 
Opx 
59.420 1.660 36.478 1.462 0. 923 99.942 1. 996 0.066 1.827 0. 053 0. 060 4.001 
59.547 1.878 36.109 1.081 1. 185 99.799 2. 001 0.074 1.809 0. 039 0. 077 4.001 
59.529 1.725 35.938 1.140 1. 130 99.462 2. 006 0.069 1.806 0. 041 0. 074 3.996 
59.691 1.720 36.480 1.097 1. 123 100.1112. 000 0.068 1.822 0. 039 0. 073 4.003 
58.957 1.904 35.615 0.970 1. 085 98.532 2. 004 0.076 1.805 0. 035 0. 072 3.993 
59.504 1.707 36.678 1.077 1. 074 100.039 1. 996 0.067 1.834 0. 039 0. 070 4.006 
59.380 1.880 36.673 0.811 1. 215 99.959 1. 992 0.074 1.835 0. 029 0. 079 4.010 
59.644 1.793 36.748 1.154 0. 851 100.190 1. 996 0.071 1.833 0. 041 0. 055 3.996 
59.889 1.404 36.530 1.262 0. 927 100.012 2. 008 0.055 1.826 0. 045 0. 060 3.995 
59.102 1.420 36.595 0.915 1. 064 99.098 2. 000 0.057 1.847 0. 033 0. 070 4.006 
59.476 1.277 37.104 1.111 0. 710 99.679 2. 000 0.051 1.861 0. 040 0. 046 3.998 
60.183 0.791 37.329 1.391 0. 601 100.295 2. 012 0.031 1.861 0. 050 0. 039 3.992 
61.074 1.196 37.291 0.963 0. 795 101.319 2. 017 0.047 1.836 0. 034 0. 051 3.985 
59.119 1.155 37.610 0.725 0. 862 99.470 1. 993 0.046 1.891 0. 026 0. 056 4.012 
61.045 1.217 38.001 0.833 0. 531 101.627 2. 009 0.047 1.865 0. 029 0. 034 3.984 
84 
60 .374 1. 368 37.749 0. 795 0 .452 100.737 2. 004 0 .054 1 .869 0 .028 0, .029 3 .984 
59 .787 1. 341 38.403 0. 612 0 .302 100.446 1. 991 0 .053 1 .907 0 .022 0 .020 3 .992 
Average . 100.042 2. 002 0 .059 1 .843 0 .037 0, .057 3 .997 
Standard deviation: 0.724 0, .007 0 .012 0 .028 0 .008 0. 017 0 .008 
Cpx 
57 .248 8. ,322 15.770 13 .267 5 .190 99.797 1. 997 0 .342 0 .820 0 .496 0. 351 4 .007 
57 .391 8. 807 15.608 12 .828 5 .434 100.068 1. 995 0 .361 0 .809 0 .478 0. 366 4 .008 
57 .911 9. 010 15.538 12 .825 5 .443 100.726 1. 998 0 .366 0 .799 0 .474 0. 364 4 .001 
59 .365 9. 537 14.737 12 .556 5 .766 101.961 2. 017 0 .382 0 .746 0 .457 0. 380 3 .982 
57 .672 9. 049 14.815 12 .382 5 .606 99.524 2. 010 0 .372 0 .770 0 .462 0. ,379 3 .993 
57 .749 9. 137 15.648 12 .720 5 .398 100.652 1. 993 0 .372 0 .805 0 .470 0. ,361 4 .002 
58 .338 9. 289 15.718 12 .815 5 .322 101.482 1. 995 0 .374 0 .802 0 .470 0. ,353 3 .994 
57 .682 9. 328 15.425 12 .343 5 .529 100.307 1. 995 0 .380 0 .796 0 .458 0. ,371 4 .000 
57 .716 8. 434 15.437 12 .715 5 .483 99.784 2. 010 0 .346 0 .802 0 .474 0. ,370 4 .002 
58 .658 9. 264 15.431 12 .284 5 .904 101.540 2. 004 0 .373 0 .786 0 .450 0. ,391 4 .005 
59 .108 8. 880 15.430 12 .919 5 .439 101.776 2. 015 0, .357 0 .784 0 .472 0. ,359 3 .987 
58 .097 9. 127 15.932 12 .455 5 .619 101.230 1. 993 0, .369 0 .815 0 .458 0. 374 4 .009 
58 .990 9. 413 15.137 12 .416 5 .639 101.594 2. Oil 0. 378 0 .770 0 .454 0. 373 3 .986 
59 .143 9. 454 15.309 12 .407 5 .686 101.998 2. 009 0. 379 0 .775 0 .452 0. 375 3 .989 
58 .257 8. 716 15.343 12 .544 5 .550 100.409 2. 013 0. 355 0 .791 0, .464 0. 372 3, .995 
58 .022 9. 703 14.964 11 .279 6 .210 100.178 2. 005 0. 395 0 .771 0, .418 0. 416 4, .005 
58 .345 9. 013 16.411 12 .929 5 .126 101.824 1. 990 0. 362 0 .835 0, .472 0. 339 3, .998 
58 .177 8. 619 16.423 12 .865 5 .228 101.312 1. 995 0. 348 0 .840 0. 473 0. 348 4. 004 
57 .750 10.150 14.998 11 .125 6 .000 100.022 1. 997 0. 414 0 .773 0, .412 0. 402 3, .998 
58 .223 9. 661 15.722 11 .647 5 .822 101.075 1. 995 0. 390 0 .803 0. 428 0. 387 4. 003 
57 .705 9. 341 15.477 11 .679 5 .633 99.835 2. 002 0. 382 0 .800 0. 434 0. 379 3. 997 
58 .916 9. 194 15.445 12 .095 5 .471 101.120 2. 016 0. 371 0 .788 0. 443 0. 363 3. 980 
56 .255 8. 428 16.619 12 .208 5 .069 98.579 1. 983 0, .350 0. 874 0. 461 0. 347 4. 015 
57 .750 8. 687 16.794 12 .337 5 .288 100.856 1. 989 0. 353 0, .862 0. ,455 0. 353 4. 012 
57 .941 8. 476 16.632 12 .545 5 .165 100.759 1. 997 0. 344 0. 855 0. ,463 0. 345 4. 004 
58 .223 8. 388 15.955 12 .459 5 .170 100.194 2. 014 0. 342 0, .823 0. ,462 0. 347 3. ,988 
58 .075 8. 697 16.476 12 .409 5 .109 100.765 1. 999 0. ,353 0, .845 0. ,458 0. 341 3. ,995 
Average ; 100.717 2. 001 0. 367 0. 805 0. ,458 0. 3 67 3. 999 
Standard deviation: 0.833 0. 009 0. 017 0. 031 0. 018 0. 018 0. ,009 
JED-6 (1050 ° C )  
Wt% Cacions/6 Oxygen 
Oxide Cation 
SiOi AI2O3 MgO CaO Ka20 Totals Si Al Mg Ca Ma Totals 
Opx 
60 .212 2. 174 36. 525 0.787 1. 530 101.227 1. 995 0 .085 1 .805 0 .028 0. 098 4 .011 
60 .857 2. 098 36. ,320 0.668 1. 321 101.263 2. Oil 0 .082 1, .790 0 .024 0, .085 3 .990 
61 .872 0. 819 36. ,320 0.668 1. 321 100.998 2. 017 0 .032 1, .792 0 .024 0, .085 3 .979 
59 .695 1. 105 36. ,698 0.834 1. 304 99.635 2. 010 0 .044 1, .842 0 .030 0, .085 4. 011 
61 .216 0. 922 36. ,525 0.787 1. 571 101.0212. 015 0 .036 1, .806 0 .028 0, .101 4. 002 
61 .061 1. 045 36. ,515 0.771 1. 586 100.979 2. 016 0 .041 1, .807 0 .027 0. 102 4. 004 
60 .505 1. 492 34. ,650 1.804 1. 624 100.075 2. 010 0 .059 1. 734 0 .065 0. 106 3. 993 
60 .717 1. 332 35. ,100 1.453 1. 650 100.253 2. 012 0, .053 1. 752 0 .052 0. 107 3. 995 
60 .283 0. 877 36. 068 0.747 1. 669 99.644 2. 012 0. 035 1. 810 0 .027 0. ,109 4. 009 
Average ; 100.566 2. Oil 0, .052 1. 793 0 .034 0. ,098 3. 999 
Standard deviation: 0.627 0. 006 0. 019 0. 031 0 .014 0. ,009 0. 010 
upx 
57.800 8. 635 15. 267 12.359 5. 649 99.709 2. 012 0. 354 0. 792 0 .461 0. ,381 4. 001 
58 .933 9. 824 14. 898 11.529 6. 163 101.347 2. 012 0. 395 0. 758 0 .422 0. ,408 3, .995 
58 .829 8. 420 16. 194 12.745 5. 453 101.641 2. 010 0. 339 0. 825 0 .467 0. ,361 4. 001 
58 .596 11 .105 14. 061 9.512 6. 910 100.184 2. 013 0. 450 0. 720 0 .350 0. ,460 3. 993 
57 .979 10 .722 14. 213 9.774 6. 621 99.310 2. Oil 0. 438 0. 735 0 .363 0. 445 3. 993 
58 .736 10 .511 14. 615 10.269 6. 416 100.546 2. 013 0. 425 0. 747 0 .377 0. 426 3. 988 
59 .329 10 .825 14. 513 9.422 6. 904 100.994 2. 020 0. 434 0. 737 0 .344 0. 456 3. ,991 
85 
58.372 9.824 15.200 10.187 6.324 99-907 2.015 0.400 0.782 0.377 0.423 3.997 
57.984 9.058 16.531 10.757 5.560 99.890 2.005 0.369 0.852 0.398 0.373 3.997 
Average: 100.392 2.012 0.400 0.772 0.395 0.415 3.995 
Standard deviacion: 0.747 0.004 0.037 0.042 0.043 0.034 0.004 
JED-4  {1100  "O 
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOi AljO, MgO CaO Na20 Totals Si A1 Mg Ca Na Totals 
Opx 
59.90 1 .02 37.56 0.92 0.67 100.06 2 .005 0.040 1.875 0 .033 0 .043 3 .996 
58.93 1 .16 36.97 0.88 0.69 98.61 2 .002 0.046 1.873 0 .032 0 .045 3 .998 
Average 99.338 2 .003 0.043 1.874 0 .033 0 .044 3 .997 
Standard deviation: 0.723 0 .002 0.003 0.001 0 .001 0 .001 0 .001 
Cpx 
57.93 9 .21 15.35 12.58 5.73 100.80 1 .997 0.374 0.789 0 .465 0 .383 4 .008 
58.15 9 .54 15.56 12.06 5.90 101.22 1 .994 0.386 0.796 0 .443 0 .392 4 .010 
58.55 9 .25 15.41 12.32 5.69 101.22 2 .006 0.374 0.787 0 .452 0 .378 3 .997 
57.88 7 .92 16.61 13.60 4.78 100.78 1 .999 0.322 0.855 0 .503 0 .320 4 .000 
58.03 8 .73 15.33 12.36 5.44 99.89 2 .014 0.357 0.793 0 .460 0 .366 3 .990 
57.98 8 .27 16.64 12.75 5.13 100.77 1 .999 0.336 0.855 0 .471 0 .343 4 .004 
57.89 8 .40 16.34 12.24 5.35 100.23 2 .004 0.343 0.843 0 .454 0 .359 4 .004 
58.43 8 .39 16.55 12.24 5.45 101.05 2 .006 0.339 0.847 0 .450 0 .363 4 .006 
57.73 a .32 16.65 12.13 5.37 100.19 2 .000 0.340 0.860 0 .450 0 .360 4 .010 
58.71 8 .20 16.50 12.39 5.36 101.15 2 .013 0.331 0.844 0 .455 0 .356 3, .999 
57.45 8 .33 16.47 11.82 5.39 99.45 2 .003 0.342 0.856 0 .441 0 .364 4. 008 
58.12 8. 09 16.61 12.21 5.18 100.21 2 .011 0.330 0.857 0 .453 0 .348 3, .998 
58.72 8. 37 17.09 11.47 5.40 101.05 2 .010 0.338 0.872 0, .421 0 .359 4. 000 
58.60 8. 90 17.10 11.26 5.33 101.20 2 .001 0.358 0.871 0. 412 0. 353 3. 996 
58.88 8. 34 17.00 11.50 5.35 101.07 2 .015 0.337 0.867 0. 422 0, .355 3. 995 
58.32 9. 15 16.72 10.44 5.79 100.42 2 .005 0.371 0.857 0. 385 0. 386 4. 003 
58.89 8. 29 17.34 11.19 5.35 101.05 2, .014 0.334 0.884 0. 410 0. 354 3. 996 
59.29 8. 78 17.21 10.97 5.41 101.66 2 .013 0.351 0.871 0. 399 0. 356 3. 990 
58.36 7, .90 17.42 11.31 5.15 100.15 2 .015 0.322 0.897 0. 418 0. 345 3. 997 
58.26 8. 35 17.67 10.98 5.26 100.53 2. 003 0.339 0.906 0. 405 0. 351 4. 003 
57.57 8. 18 17.56 10.48 5.32 99.10 2. 006 0.336 0.912 0 . 391 0. 359 4. 005 
58.48 7. 52 19.09 11.17 4.85 101.11 2. 000 0.303 0.974 0. 409 0. 322 4. 009 
59.09 9. .85 17.3 6 8.71 6.13 101.14 2. 006 0.394 0.879 0. ,317 0. 403 3. 999 
58.61 8. 14 18.81 10.74 4.80 101.09 2. 000 0.327 0.957 0. 393 0. 318 3. 995 
Average 100.689 2. 006 0.345 0.864 0. 428 0. 358 4. 001 
Standard deviation: 0.608 0. 006 0.021 0.045 0. 037 0. 021 0. 006 
JED-7  (1100  °C)  
Wt% Cations/6 Oxygen 
SiOj AljO, MgO CaO Na20 
Oxide 
Totals Si A1 Mg Ca Na 
Cation 
Totals 
Cpx 
58, .16 11. 88 16 .91 8. 12 6. 76 101 .87 1 .962 0, .473 0 .851 0 .294 0, .442 4 .022 
57, .31 11. 37 16 .50 8. 12 6. 68 100 .05 1 .970 0, .461 0 .845 0 .299 0, .445 4, .020 
58. 63 12. 41 15 .64 8. 12 6. 87 101 .69 1 .977 0. 493 0 .786 0 .294 0. 449 4, .000 
58. 05 12. 33 16 .04 7. 64 6. 89 100 .98 1 .971 0. 493 0 .812 0 .278 0. 454 4. 008 
56. 96 11. 88 16 .40 7. 95 6. 82 100 .05 1 .958 0. 481 0 .841 0 .293 0. 454 4. 027 
58. 25 12. 62 16 .09 7. 67 6. 98 101 .66 1 .965 0. 502 0 .809 0 .277 0, .457 4. 010 
86 
57.46 12.42 15.83 8 .11 6 .91 100.76 1 .960 0 .499 0 .805 0 .297 0 .457 4 .018 
57.01 12.21 15.53 8 .59 6 .89 100.25 1 .959 0 .494 0 .795 0 .316 0 .459 4 .023 
58.58 12.55 15.74 7 .82 7 .12 101.83 1 .973 0 .498 0 .791 0 .282 0 .465 4 .010 
56.43 12.41 15.03 7 .51 6 .91 98.35 1 .968 0 .510 0 .782 0 .281 0 .468 4 .008 
57.35 12.58 15.03 7 .55 7 .22 99.76 1 .972 0 .510 0 .771 0 .278 0 .481 4 .012 
57.42 13.76 15.20 7 .30 7 .48 101.23 1 .947 0 .550 0 .768 0 .265 0 .492 4 .022 
Average 100.705 1 .965 0 .497 0 .805 0 .288 0 .460 4 .015 
Stcuidard deviation: 1.014 0 .008 0 .021 0 .027 0 .013 0 .014 0 .008 
Opx 
58.60 2.38 37.42 0 .95 0 .90 100.27 1 .963 0 .094 1 .869 0 .034 0 .059 4 .018 
59.54 2.02 36.38 1 .39 0 .98 100.31 1 .992 0 .080 1 .815 0 .050 0 .064 4 .000 
58.67 2.33 36.57 0 .85 1 .04 99.49 1 .978 0 .093 1 .838 0 .031 0 .068 4 .008 
59.74 2.62 36.51 1 .04 1 .28 101.20 1 .981 0 .103 1 .805 0 .037 0 .082 4 .008 
59.78 2.36 36.77 1 .27 1 .28 101.51 1 .979 0 .092 1 .815 0 .045 0 .082 4 .014 
59.74 2.54 36.30 0 .86 1 .32 100.81 1 .988 0 .100 1 .800 0 .031 0 .085 4 .003 
Average: 100.60 1.980 0.093 1.824 0.038 0.073 4.009 
Standard deviation: 0.66 0.009 0.007 0.023 0.007 0.010 0.006 
JED-1  (1100  "O 
Wt% Cations/6 Oxygen 
Oxide cacion 
SiOa AljOi MgO CaO NaaO Totals Si A1 Mg Ca Na Totals 
Cpx 
57 .703 8. 293 19.462 11.336 4 .831 101 .670 1 .968 0, .333 0. 990 0 .414 0 .319 4 .025 
58 .077 8. 518 16.237 12.513 5 .097 100 .505 2 .005 0, .347 0, .836 0, .463 0 .341 3 .992 
58 .411 9. 090 15.821 12.011 5 .361 100 .752 2 .008 0. 368 0. 811 0, .442 0 .357 3 .987 
58 .835 8. 174 16.272 12.563 5 .087 100 .930 2 .020 0. 331 0. 833 0, .462 0 .339 3 .984 
58 .954 9. 532 16.058 10.637 5 .470 100 .665 2 .017 0. 384 0. 819 0. 390 0 .363 3 .973 
58 .693 9. 160 15.967 11.377 5 .399 100 .596 2 .014 0. 371 0. 817 0, .418 0 .359 3 .980 
59 .089 12 .302 13.852 8.377 7 .151 100 .771 2 .009 0. 493 0. 702 0, .305 0 .471 3 .980 
58. 719 a. 570 17.576 10.942 5 .177 100 .996 2 .007 0. 345 0. 896 0. 401 0 .343 3 .992 
59, .083 7 . 796 18.879 10.467 5 .067 101 .332 2 .012 0, .313 0, .958 0. 382 0 .335 3 .999 
Average ; 100 .913 2 .007 0. 365 0. 851 0. 409 0 .359 3 , .990 
Standard deviation: 0.354 0, .014 0. 050 0. 081 0. 046 0 .042 0, .014 
JED-3  (1150  ° C )  
Wt% Cations/6 Oxygen 
Oxide Cation 
SiO; AlaOi MgO CaO NajO Totals Si A1 Mg ca Na Totals 
Cpx 
57 .48 6 .73 19 .43 13 .08 3 .99 100.709 1 .985 0 .274 1, .001 0 .484 0 .267 4 -Oil 
58 .13 6 .87 18 .70 12 .67 4 .26 100.6312 .004 0 .279 0, .961 0 .468 0 .285 3 .998 
57 .82 7 .75 17 .02 12 .58 4 .64 99.801 2 .009 0 .317 0, .882 0 .468 0 .312 3 .989 
58 .36 7 .85 16 .77 12 .73 4 .68 100.392 2 .015 0 .319 0. 864 0 .471 0 .313 3 .982 
56 .61 7 .33 17 .91 11 .76 4 .65 98.267 1 .998 0 .305 0. 943 0 .445 0 .318 4 .009 
58 .48 7 .44 18 .18 11 .95 4 .82 100.8612 .009 0 .301 0, .931 0 .440 0 .321 4 .001 
57 .89 8 .15 17 .46 11 .95 4 .88 100.329 1 .999 0 .332 0, .899 0 .442 0 .326 3 .999 
57 .68 8 .72 16 .35 11 .64 5 .52 99.912 2 .001 0 .357 0. 845 0 .433 0 .371 4 .006 
57 .98 9 .13 15 .66 10 .98 5 .89 99.638 2 .012 0 .373 0, .810 0 .408 0 .396 4 .000 
58 .19 8 .22 16 .52 12 .07 5 .13 100.142 2 .013 0 .335 0, .852 0 .447 0 .344 3 .992 
59 .11 8 .84 16 .32 11 .55 5 .60 101.417 2 .015 0 .355 0. 829 0 .422 0 .370 3 .992 
57 .90 8 .94 16 .96 11 .29 5 .52 100.605 1 .993 0 .362 0. 870 0 .416 0 .369 4 .010 
58 .44 8 .23 16 .71 11 .71 5 .44 100.5212 .013 0 .334 0. 858 0 .432 0 .363 4 .001 
56 .73 7 .95 17 .45 11 .73 5 .07 98.932 1 .990 0 .329 0. 913 0 .441 0 .345 4 .018 
87 
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J E D -8 (1150 ° C )  
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOj AliO, HgO CaO Na^O Totals Si A1 Mg Ca Na Totals 
C p x  
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Opx 
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J E D - 2 0  (1150 "o 
Wt% Cations/6 Oxygen 
Oxide Cation 
SiCb AljOj HgO CaO NajO Totals Si A1 Mg Ca Na Totals 
Cpx 
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88 
56.79 5. 14 19.27 16.09 2.72 100.009 1 .990 0 .212 1 .006 0 .604 0 .185 3 .997 
56.20 5. 74 19.37 16.08 2.58 99.968 1 .970 0 .237 1 .012 0 .604 0 .175 3 .999 
57.07 5. 70 19.18 16.36 2.57 100.882 1 .981 0 .233 0 .992 0 .609 0 .173 3 .989 
55.97 4. 86 19.52 16.15 2.68 99.201 1 .981 0 .203 1 .030 0 .612 0 .184 4 .009 
56.13 4. 91 19.91 16.27 2.77 99.993 1 .972 0 .203 1 .043 0 .613 0 .189 4 .020 
57.43 5. 43 18.77 16.53 2.62 100.772 1 .995 0 .222 0 .972 0 .615 0 .177 3 .982 
57.12 4. 60 19.42 16.42 2.70 100.264 1 .998 0 .190 1 .013 0 .616 0 .183 3 .999 
56.95 5. 73 18.33 16.43 2.75 100.193 1 .991 0 .236 0 .956 0 .616 0 .186 3 .984 
56.41 5. 09 19.69 16.51 2.61 100.300 1 .975 0 .210 1 .027 0 .619 0 .177 4 .009 
55.56 5. 30 18.71 16.27 2.73 98.588 1 .979 0 .222 0 .994 0 .621 0 .188 4 .004 
56.31 5. 32 18.81 16.54 2.73 99.719 1 .982 0 .221 0 .987 0 .624 0 .186 4 .001 
56.44 5. 03 19.10 16.94 2.55 100.069 1 .982 0 .208 1 .000 0 .637 0 .174 4 .001 
Average 100.154 1 .985 0 .216 1 .006 0 .609 0 .182 3 .998 
Stzindard deviation: 0.602 0 .009 0 .013 0 .023 0 .013 0 .008 0 .011 
Opx 
59.66 0. 69 39.70 1.58 0.30 101.980 1 .970 0 .027 1 .924 0 .056 0 .019 3 .996 
59.73 1. 60 38.83 0.40 0.85 101.450 1 .995 0 .042 1 .884 0 .044 0 .045 4 .010 
59.46 0. 91 38.26 1.21 0.32 100.170 1 .991 0 .036 1 .910 0 .043 0 .021 4 .002 
Average 101.200 1 .985 0 .035 1 .906 0 .048 0 .028 4 .002 
Standard deviation: 0.760 0 .011 0 .006 0 .017 0 .006 0, .012 0 .006 
JED-15  (1150  "O 
Wt% Cations/6 Oxygen 
SiOi AljOi MgO CaO NajO 
Oxide 
Totals Si A1 Mg Ca Na 
Cation 
Totals 
Opx 59.049 
3 .431 34.664 1 .868 1 .232 100 .243 1 .979 0 .136 1 .732 0 .067 0 .080 
3 .99359 .115 2 .83 36.648 1.315 0 .863 100.786 1 .969 0 .111 1 .820 0 .047 
0 .056 4.003 
58 .373 2 .243 36.615 2 .31 1 .348 100 .891 1, .956 0, .089 1 .829 0 .083 0 .088 4 .044 
59 .87 2 .313 36.277 1 .48 0 .957 100 .900 1, .991 0. 091 1 .799 0 .053 0 .062 3 .995 
58 .877 3 .182 36.809 1 .804 0 .569 101 .317 1, .954 0, .125 1 .822 0 .064 0 .037 4 .002 
59 .218 2 .417 38.129 1 .145 0 .488 101 .396 1, .960 0, .094 1 .882 0 .041 0 .031 4 .008 
59 .566 2 .341 37.88 1 .11 0 .505 101 .446 1. 970 0, .091 1 .868 0 .039 0, .032 4 .001 
59 .34 2 .575 37.932 1 .269 0 .445 101 .560 1. 961 0. 100 1 .869 0 .045 0, .029 4 .003 
59 .408 2 .649 38.029 1 .072 0 .445 101 .604 1, .961 0. 103 1 .872 0 .038 0, .028 4 .002 
59 .714 2, .494 37.894 1 .105 0 .433 101 .652 1. 969 0. 097 1 .863 0 .039 0. 028 3 .996 
59 .38 2 .52 37.852 1 .394 0 .539 101 .701 1. 961 0. 098 1 .864 0 .049 0. 035 4 .007 
59 .665 2, .226 38.154 1 .14 0 .514 101 .720 1. 968 0. 087 1 .877 0 .040 0, .033 4 .005 
59 .887 2. 292 37.277 1 .571 0 .736 101 .787 1. 976 0. 089 1 .834 0, .056 0. 047 4 .003 
59 .273 2. 732 38.419 1 .061 0 .404 101 .890 1. 952 0. 106 1 .887 0, .037 0. 026 4. 008 
59 .727 2. 245 38.222 1 .101 0 .593 101 .895 1. 967 0, .087 1 .877 0. 039 0. 038 4. 008 
59 .844 2. 468 36.151 2 .292 1 .115 101 .919 1. 978 0. 096 1 .782 0. 081 0. 071 4. 009 
59 .844 2. 318 37.965 1 .268 0 .53 101 .925 1. 970 0. 090 1 .863 0. 045 0, .034 4. 002 
60 .548 1. 67 37.419 1 .497 0 .797 101 .952 1. 994 0. 065 1 .837 0. 053 0. 051 3, .999 
Average ; 101 .477 1. 969 0. 097 1, .843 0. 051 0. 045 4. 005 
Stcindard deviation: 0.468 0. Oil 0. 015 0. 040 0. 014 0. 019 0. 010 
Cpx 
57 .098 7 .885 19 .124 12 .615 3 .889 100 .636 1. 970 0. 321 0 .984 0 .466 0 .260 4. ,000 
57 .211 8 .451 17 .814 12 .849 4. 396 100 .736 1. 973 0. 344 0 .916 0 .475 0 .294 4. 002 
57 .065 8 .274 17 .63 13 .067 4. 433 100 .469 1. 975 0. 338 0 .910 0 .485 0 .298 4. 005 
57 .329 7, .841 17 .927 13 .815 3, .968 100 .880 1. 978 0. 319 0 .922 0 .511 0 .265 3. 995 
56 .922 8. 285 17 .178 13 .715 3, .95 100 .057 1. 978 0. 339 0 .890 0 .511 0 .266 3. 985 
57 .412 7, .56 19 .166 12 .299 4. 266 100 .702 1. 979 0. 307 0 .985 0 .454 0 .285 4. 010 
57 .033 8. 172 17 .173 13 .364 i .  442 100 .222 1. 981 0. 335 0 .889 0 .497 0 .299 4. 001 
57 .104 8. 359 17 .065 13 .397 4. 2 100 .146 1. 982 0. 342 0 .883 0 .498 0 .283 3. 988 
57 .172 8. 325 17 .214 13 .238 4. 241 100 .205 1. 983 0. 340 0 .890 0 .492 0, .285 3. 990 
57 .207 7. 82 17 .347 14 .272 3. 794 100 .441 1. 983 0. 320 0 .897 0 .530 0. 255 3. 985 
57 .953 8. 593 18 .075 11 .556 4. 721 100 .898 1. 987 0. 347 0 .924 0 .425 0. 314 3. 996 
57 .335 8. 412 17 .821 11 .465 4. 578 99.1 511 1. 990 0. 344 0 .922 0 .426 0. 308 3. 992 
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58 .163 8 .259 18.267 11.384 4 .996 101.082 1. 992 0 .333 0 .933 0 .418 0 .332 4 .007 
57 .99 8 .005 18.655 11.058 4 .726 100.434 1. 995 0 .325 0 .957 0 .408 0 .315 4 .000 
57 .108 8 .793 16.32 12.265 4 .619 99.106 1. 995 0 .362 0 .850 0 .459 0 .313 3 .980 
58 .326 8 .678 17.65 11.016 5 .138 100.808 1. 999 0 .351 0 .902 0 .404 0 .341 3 .997 
58 .022 8 .448 17.28 11.857 4 .75 100.359 2. 000 0 .343 0 .888 0 .438 0 .317 3 .987 
58 .841 8 .366 19.262 9.899 4 .75 101.124 2. 001 0 .335 0 .977 0 .361 0 .313 3 .988 
58 .629 8 .642 17.891 10.575 5 .237 100.974 2. 003 0 .348 0 .911 0 .387 0 .347 3 .996 
58 .09 8 .034 18.217 10.732 4 .947 100.056 2. 005 0 .327 0 .937 0 .397 0 .331 3 .997 
58 .989 8 .202 19.005 9.828 5 .049 101.116 2. 008 0 .329 0 .965 0 .359 0 .333 3 .994 
Average : 100.479 1. 988 0 .336 0 .921 0 .448 0 .303 3 .995 
Standard deviation: 0.501 0. Oil 0 .013 0 .035 0 .050 0 .026 0 .008 
JED-14 {1200 °C) 
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOa AlaOi MgO CaO Na^O Totals Si A1 ^ Ca Na Totals 
Opx 
60 .36 1 .81 36.52 1 .53 0.66 100.873 2 .005 0 .071 1.809 0 .054 0, .042 3 .981 
61 .84 1 .23 37.40 1 .33 0.72 101.5212 .019 0 .047 1.821 0 .047 0, .046 3 .980 
60 .08 1 .53 36.07 1 .48 0.80 99.959 2 .014 0 .060 1.803 0 .053 0 .052 3 .982 
Average 100.784 2 .013 0 .059 1.811 0 .051 0, .047 3 .981 
Standard deviation: 0.641 0 .006 0 .010 0.008 0 .003 0, .004 0, .001 
Cpx 
56 .67 6 .33 19.91 13.20 3.23 99.370 1 .983 0 .261 1 .038 0 .495 0 .219 3 .996 
57 .46 6 .65 19.78 11.65 3.93 99.474 1 .999 0 .273 1 .026 0 .434 0 .265 3 .997 
57 .68 6 .99 19.72 12.54 3.99 100.911 1 .984 0 .283 1 .011 0 .462 0 .266 4 .007 
58 .14 7 .14 19.32 11.19 4.33 100.108 2 .006 0 .290 0 .994 0 .414 0 .289 3 .993 
57 .60 7 .32 19.76 11.27 4.34 100.281 1 .988 0 .298 1 .017 0 .417 0 .290 4 .009 
58 .56 7 .95 18.65 10.94 4.81 100.915 2 .004 0 .321 0 .951 0 .401 0 .319 3 .995 
57 .36 7 .05 17.95 11.40 4.69 98.449 2 .016 0 .292 0 .940 0 .429 0 .319 3 .997 
59 .06 8 .84 18.46 9.78 5.36 101.506 2 .002 0 .353 0 .933 0 .355 0 .353 3 .997 
Average : 100.127 1, .998 0 .296 0 .989 0 .426 0 .290 3 .999 
Standard deviation: 0.934 0, .011 0 .027 0 .039 0 .039 0 .038 0 .005 
JED-2 (1200 ° C )  
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOa AljOi MgO CaO NajO Totals Si A1 Mg Ca Na Totals 
Opx 
59 .983 2 .878 37 .263 1 .552 0 .535 102 .212 1 .969 0 .111 1. 824 0. 055 0. 034 3 .993 
60 .262 2 .672 37 .268 1 .431 0 .495 102 .136 1 .978 0 .103 1. 824 0. 050 0. 031 3 .986 
59 .703 3 .118 36 .728 1 .533 0 .693 101 .776 1 .968 0 .121 1. 80S 0. 054 0. 044 3 .993 
60 .114 2 .641 37, .323 1 .490 0 .512 102 .080 1, .975 0 .102 1. 828 0. 052 0. 033 3 .990 
60 .914 2 .653 37, .106 1 .567 0 .621 102 .880 1, .985 0 .102 1. 803 0. 055 0. 039 3 .984 
60 .003 2 .332 37, .733 1, .286 0 .439 101 .793 1, .976 0 .091 1. 853 0. 045 0. 028 3 .993 
59 .029 4 .263 33. 548 2 .118 0 .956 99. 914 1. ,981 0 .169 1. 678 0. 076 0. 062 3 .966 
59 .457 2 .853 37. 084 1, .419 0 .598 101 .414 1. 967 0 .111 1. 829 0. 050 0. 038 3 .996 
59 .425 2 .702 37. 204 1, .385 0 .504 101 .220 1. 969 0 .106 1. 838 0. 049 0. 032 3 .994 
59 .761 2 .488 36. 929 1. 713 0 .768 101 .674 1. 975 0 .097 1. 820 0. 061 0. 049 4 .001 
59 .962 2 .555 37. 254 1. 420 0 .450 101 .641 1. 977 0 .099 1. 832 0. 050 0. 029 3 .987 
59 .690 2 .985 35. 949 2. 121 0 .597 101 .343 1. 977 0 .117 1. 776 0. 075 0. 038 3 .983 
59 .494 2 -435 37. 497 1. 395 0 .426 101 .247 1. 971 0 .095 1. 852 0. 050 0. 027 3 .995 
59 .485 3 .116 35. 922 1, .840 0 .709 101 .072 1. 975 0 .122 1. 778 0. 065 0. 046 3 .987 
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Average: 101.600 1 .975 0 .110 1 .810 0 .056 0 .038 3 .989 
Standard deviation: 0.660 0 .005 0 .019 0 .043 0 .009 0 .009 0 .008 
Cpx 
57.594 7 .095 18.988 13.986 3.294 100.960 1 .983 0 .288 0 .975 0 .516 0 .220 3 .983 
58.368 7 .790 19.729 11.808 3.730 101.425 1 .988 0 .313 1 .002 0 .431 0 .246 3 .979 
59.010 10.681 16-556 8.981 5.746 101.006 2 .003 0 .427 0 .838 0 .327 0 .378 3 .973 
57.376 7 .104 19.011 14.157 3.375 101.032 1 .977 0 .289 0 .977 0 .523 0 .226 3 .991 
58.499 7 .078 21.802 9.863 4.183 101.463 1 .987 0 .283 1 .104 0 .359 0 .275 4 .009 
58.065 7 .609 20.013 12.279 3.561 101.535 1 .979 0 .306 1 .017 0 .448 0 .235 3 .986 
57.855 7 .373 19.151 13.524 3.325 101.236 1 .983 0 .298 0 .979 0 .497 0 .221 3 .978 
58.317 7 .560 19.209 12.275 3 .506 100.901 1 .997 0 .305 0 .981 0 .450 0 .233 3 .967 
57.637 7 .720 18.929 13.064 3.649 100.999 1 .980 0 .313 0 .969 0 .481 0 .243 3 .986 
58.482 7 .373 20.494 10.783 3.863 100.995 1 .995 0 .297 1 .043 0 .394 0 .256 3 .984 
57.718 7 .713 18.511 13.329 3.614 100.884 1 .985 0 .313 0 .949 0 .491 0 .241 3 .979 
58.580 6 .934 20.245 11.090 3.937 100.822 2 .005 0 .280 1 .033 0 .407 0 .261 3 .986 
56.914 7 .289 18.602 14.572 3 .249 100.660 1 .971 0 .298 0 .961 0 .541 0 .218 3 .989 
Average 101.071 1 .987 0 .308 0 .987 0 .451 0 .250 3 .984 
Stauidard deviation: 0.255 0 .010 0 .036 0 .059 0 .063 0 .040 0 .010 
JED-17 (1250 °C) 
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOj AljO, MgO Cao Na^O Totals Si A1 Mg Ca Na Totals 
Cpx 
56.896 8. 708 19.850 12.260 3.286 101.033 1. 950 0, .352 1, .014 0. 450 0, .218 3 .984 
5S.278 7, .837 18.847 13.641 3.164 99.773 1. 961 0, .322 0. 979 0, .509 0, .214 3 .985 
55.882 3, .370 18.446 14.224 2.906 99.846 1. 948 0. 344 0, .959 0. 531 0, .196 3 .978 
56.655 8. 315 21.411 11.391 2.941 100.773 1. 943 0, .336 1. 095 0. 418 0. 196 3 .987 
55.876 8. 757 18.744 13.701 3.183 100.332 1. 938 0, .358 0. 970 0. 509 0. 214 3 .990 
56.167 3. 535 19.351 12.353 3 .356 99.808 1, .951 0. 349 1. 002 0. 460 0. 226 3 .983 
56.772 8 ,  .174 19.272 13.281 3 .284 100.825 1. 956 0, .332 0. 990 0. 490 0. 219 3 .938 
56.028 6, .163 19.733 16.579 2.207 100.775 1. 951 0. 253 1. 025 0. 619 0. 149 3 .997 
56.554 6, .337 19.273 15.781 2.510 100.517 1. 968 0, .260 1. 000 0. 589 0. 169 3 .986 
56.297 7, .051 19.323 14.757 2.685 100.146 1, .961 0, .289 1. 003 0. 551 0. 131 3, .985 
56.270 6. 169 20.124 15.420 2.230 100.212 1. 961 0. 253 1. 046 0. 576 0. 151 3, .987 
56.235 7, .499 18.963 14.131 3 .130 100.056 1. 959 0. 308 0. 985 0, .529 0. 211 3, .993 
Average ; 100.341 1. 954 0. 313 1 .  006 0. 519 0. 195 3. 987 
Standard deviation: 0.419 0. 003 0. 038 0. 035 0. 057 0. 026 0. 004 
Opx 
58.204 4. 531 35.374 1.763 0.708 101.134 1. 935 0. 178 1. 778 0. 063 0. 046 3. 999 
58.242 4. 337 36.812 1.489 0.472 101.463 1. 929 0. 171 1. 818 0. 053 0. 030 4. 001 
57.010 5. 209 36.360 1.651 0.511 100.840 1. 903 0. 205 1. 810 0. 059 0. 033 4. 011 
57.996 5. 079 36.023 1.503 0.635 101.359 1. 923 0. 199 1. 781 0. 053 0. 041 3. 998 
58.623 2. 343 36.234 1.103 0.485 98.830 1. 986 0. 094 1. 831 0. 040 0. 032 3. 983 
57.519 5. 109 36.005 1.441 0.531 100.679 1. 919 0. 201 1. 791 0. 052 0. 034 3. 997 
58.180 4. 244 36.680 1.464 0.452 101.034 1. 933 0. 166 1. 817 0. 052 0. 029 3. 993 
57.919 4. 861 36.320 1.455 0.563 101.212 1. 923 0. 190 1. 798 0. 052 0. 036 4. 000 
58.214 5. 043 35.464 1.753 0.628 101.182 1. 933 0. 197 1. 756 0. 062 0. 040 3. 989 
57.960 4. 535 34.000 1.550 0.508 98.605 1. 967 0. 181 1. 721 0. 056 0. 033 3. 959 
58.578 3. 887 37.363 1.391 0.421 101.662 1. 935 0. 151 1. 840 0. 049 0. 027 4. 003 
58.456 4. 417 34.997 2.065 0.867 100.845 1. 949 0. 174 1. 740 0. 074 0. 056 3. 992 
57.883 4. 529 36.295 1.391 0.574 100.692 1. 930 0. 178 1. 805 0. 050 0. 037 3. 999 
58.002 4. 792 36.632 1.459 0.542 101.490 1. 921 0. 187 1. 809 0. 052 0. 035 4. 003 
57.750 5. 279 35.707 1.424 0.624 100.860 1. 923 0. 207 1. 773 0. 051 0. 040 3. 994 
57.848 4. 453 35.672 2.048 0.581 100.660 1. 933 0. 175 1. 778 0. 073 0. 038 3. 998 
58.039 4. 693 36.466 1.501 0.566 101.330 1. 925 0. 183 1. 803 0. 053 0. 036 4. 002 
58.308 4. 304 36.522 2.320 0.708 102.180 1. 924 0. 167 1. 797 0. 082 0. 045 4. 015 
58.721 4. 057 35.736 1.459 0.718 100.721 1. 956 0. 159 1. 775 0. 052 0. 046 3. 988 
Average: 100.883 1.934 0.177 1.791 0.057 0.038 3.996 
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standard deviacion: 0.836 0.018 0.025 0.029 0.010 0.007 0.011 
JED-18 (1300 "O 
Wt% Cations/6 Oxygen 
Oxide Cation 
SiOa AlaCi MgO CaO NaiC Totals Si Al ^ Ca Na Totals 
Opx 
58 .326 3 .624 36-752 2 .152 0.606 101.461 1. 936 0 .142 1 .819 0 .077 0 .039 4 .012 
57 .984 4 .141 36.917 2 .049 0.628 101.719 1. 921 0 .162 1 .823 0 .073 0 .040 4 .019 
56 .843 4 .012 36.764 2 .010 0.623 100.251 1. 912 0 .159 1 .831 0 .075 0 .041 4 .017 
57 .238 4 .444 35.705 2 .131 0.662 100.179 1. 924 0 .176 1 .789 0 .077 0 .043 4 .009 
58 .319 3 .899 36.686 2 .030 0.862 101.795 1. 931 0 .152 1 .806 0 .072 0 .055 4 .016 
57 .667 3 .862 36.285 2 .112 0.939 100.866 1. 928 0 .152 1 .781 0 .076 0 .061 3 .998 
Average 101.045 1. 925 0 .157 1 .808 0 .075 0 .047 4 .012 
St£indard deviation: 0.659 0. 008 0 .011 0 .018 0 .002 0 .008 0 .007 
Cpx 
55 .220 7 .750 20 .842 12 .301 2 .473 98.585 1. 940 0 .321 1 .092 0 .463 0 .168 3 .984 
54 .696 7 .413 21 .314 12 .358 2 .551 98.333 1. 931 0 .308 1 .122 0 .467 0 .175 4 .003 
55 .758 7 .191 21 .718 13 .025 2 .482 100.173 1. 934 0 .294 1 .123 0 .484 0 .167 4 .002 
54 .689 7 .908 20 .876 12 .584 2 .663 98.719 1. 924 0 .328 1 .095 0 .474 0 .182 4 .003 
55 .380 6 .752 21 .903 12 .814 2 .420 99.268 1. 938 0 .279 1 .143 0 .481 0 .164 4 .005 
56 .308 6 .353 21 .857 13 .665 2 .454 100.637 1. 948 0 .259 1 .127 0 .506 0 .165 4 .005 
55 .605 7 .017 21 .724 12 .586 2 .619 99.550 1. 939 0 .288 1 .130 0 .470 0 .177 4 .005 
56 .096 7 .311 21 .906 12 .877 2 .686 100.876 1. 932 0 .297 1 .125 0 .475 0 .179 4 .009 
56 .629 6 .613 22 .003 12 .875 2 .802 100.921 1. 950 0 .268 1 .129 0 .475 0 .187 4 .010 
55 .814 6 .466 22 .220 13 .010 2 .484 99.993 1. 941 0 .265 1 .152 0 .485 0 .167 4 .010 
54 .302 7 .717 21 .115 12 .901 2 .562 98.597 1. 916 0 .321 1 .111 0 .488 0 .175 4 .011 
55 .420 7 .415 21 .773 12 .061 2 .836 99.504 1. 932 0 .305 1 .132 0 .451 0 .192 4 .011 
55 .198 6 .643 21 .874 13 .677 2 .304 99.697 1. 930 0 .274 1 .140 0 .512 0 .156 4 .012 
55 .929 7 .045 22 .280 12 .139 2 .788 100.180 1. 937 0 .288 1 .150 0 .450 0 .187 4 .013 
54 .720 7 .724 21 .137 12 .494 2 .856 98.931 1. 923 0 .320 1 .107 0 .470 0 .195 4 .015 
55 .273 6 .161 21 .808 13 .278 2 .541 99.061 1. 944 0, .255 1 .143 0 .500 0 .173 4 .015 
54 .592 7 .067 21 .209 12 .891 2 .702 98.461 1. 930 0. 294 1 .118 0, .488 0, .185 4 .016 
55 .695 6. 453 22 .185 13 .018 2 .610 99.961 1. 939 0. 265 1 .151 0, .486 0, .176 4 .017 
54 .848 6. 898 21 .569 12 .947 2 .655 98.916 1. 930 0. 286 1 .132 0, .488 0, .181 4 .017 
57 .193 6. 704 22 .506 11 .341 3 .360 101.105 1. 959 0. 271 1 .149 0, .416 0, .223 4 .017 
Average: 
Standard deviacion: 
99.574 1.936 0.289 1.128 0.477 0.179 4.009 
0.857 0.010 0.022 0.017 0.021 0.014 0.008 
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APPENDIX B. COMPOSITIONS OF NATURAL SAMPLES 
Composition in oxide weight percent 
PHN3533*" 
P205 Si02 Ti02 A1203 Cr203 FeO 
Opx 0.000 56, ,050 0. 030 3, ,340 0. 520 5, ,100 
Cpx 0.000 53. ,600 0. 160 4. ,140 0. 950 2. ,410 
PHN3535'^' 
Opx 0.002 54. 840 0. 130 4. ,790 0. 340 6. 370 
Cpx 0.004 51. 500 0. 430 6. ,410 0. 630 2. 630 
PHN3537'^' 
Opx 0.000 55.240 0. ,090 4.740 0, ,370 6, ,290 
Cpx 0.005 51. ,140 0. ,340 6, ,720 0, ,900 2, ,390 
PHN3532J'^' 
Opx 0.011 55, ,700 0, ,110 2, .750 0, ,280 6, ,370 
Cpx 0.010 53, ,440 0. ,490 4, .460 0. ,640 2, ,830 
PHN3536'^' 
Opx 0.005 54, ,950 0. ,260 2, ,700 0. ,430 6. ,370 
Cpx 0.028 53, ,850 0. ,440 4, .220 1, ,050 2, ,810 
PHN3538'" 
Opx 0.000 56, ,500 0. 040 2, ,590 0. ,720 5, ,160 
Cpx 0.000 53. 490 0, ,000 2, .330 0, ,900 2, .340 
PHN3539'^' 
Opx 0.000 56 .300 0, .007 2 .970 0, .880 5 .100 
Cpx 0 .004 53 .900 0 .000 2 .800 1 .360 2 .660 
JVS73-63'^' 
Opx 0.004 51 .900 0 .003 0 .784 0 .304 4 .120 
Cpx 0.112 54 .200 0 .005 2 .720 2 .080 1 .980 
JVS73-64'^' 
Opx 0.005 58 .600 0 .016 0 .716 0 .280 4 .520 
Cpx 0.103 55 .600 0 .030 1 .760 1 .500 2 .070 
MnO MgO NiO CaO Na20 K20 Total 
0.140 35.020 0.020 0.630 0.100 0.000 100.950 
0.090 17.070 0.030 19.850 1.670 0.000 99.970 
0.140 33.470 0.080 0.470 0.060 0.000 100.692 
0.100 15.060 0.000 21.990 1.660 0.000 100.414 
0.160 33.500 0.090 0.530 0.050 0.000 101.060 
0.100 15.080 0.040 20.900 1.680 0.000 99.295 
0.130 34.340 0.130 0.510 0.050 0.000 100.381 
0.070 15.670 0.060 21.920 1.520 0.000 101.110 
0.140 33.920 0.170 0.590 0.110 0.000 99.645 
0.080 15.350 0.040 20.280 1.660 0.002 99.810 
0.140 34.000 0.120 1.330 0.030 0.000 100.630 
0.110 18.630 0.190 20.760 0.290 0.027 99.067 
0.140 35.020 0.020 0.630 0.100 0.000 101.167 
0.100 18.670 0.120 20.460 0.760 0.210 101.044 
0.088 36.700 0.120 0.410 0.110 0.000 94.543 
0.065 16.700 0.054 19.200 2.340 0.000 99.456 
0.092 36.600 0.109 0.414 0.096 0.000 101.448 
0.063 16.600 0.054 20.600 1.570 0.000 99.950 
JVS73-76'^' 
OpxO.003 68.200 0.019 0.808 0.317 4.080 0.104 36.800 0.092 0.249 0.093 0.000 100.765 
CpxO.103 55.300 0.062 3.600 2.420 2.080 0.058 14.800 0.033 19.600 3.000 0.000 101.056 
JVS73-105'^' 
OpxO.007 58.400 0.154 0.722 0.338 6.300 0.124 33.200 0.114 0.807 0.165 0.000 100.331 
CpxO.117 55.200 0.278 1.690 1.500 3.660 0.103 17.400 0.057 18.200 1.620 0.000 99.825 
JVS73-106'^' 
OpxO.006 58.200 0.155 0.690 0.318 6.200 0.121 33.400 0.126 0.778 0.167 0.000 100.161 
CpxO.117 55.100 0.273 1.580 1.350 3.590 0.105 17.400 0.066 18.200 1.620 0.000 99.401 
JVS73-152'^' 
OpxO.007 58.100 0.010 0.910 0.360 4.200 0.113 36.900 0.117 0.500 0.117 0.000 101.334 
CpxO.OOO 55.000 0.022 2.510 2.140 1.500 0.087 16.700 0.067 20.600 1.810 0.016 100.452 
JVS73-154'^' 
OpxO.003 59.000 0.006 0.710 0.257 4.280 0.093 34.700 0.087 0.455 0.081 0.000 99.672 
CpxO.OOO 55.000 0.011 1.700 1.320 1.890 0.070 17.000 0.055 21.000 1.380 0.010 99.436 
JVS73-155'^' 
OpxO.003 58.000 0.008 0.700 0.280 3.940 0.090 36.500 0.080 0.460 0.060 0.000 100.121 
CpxO.OOO 55.000 0.008 1.340 1.210 1.670 0.065 17.500 0.034 20.700 0.980 0.016 98.523 
JVS73-165'^' 
OpxO.003 58.200 0.110 0.920 0.350 4.180 0.098 35.900 0.120 0.470 0.160 0.000 100.511 
CpxO.OOO 54.000 0.320 3.330 2.430 2.180 0.075 15.500 0.060 18.200 2.890 0.016 99.001 
PHN1596'^' 
OpxO.018 57.500 0.121 1.470 0.331 5.460 0.121 32.700 0.119 1.500 0.385 0.000 99.725 
CpxO.006 55.800 0.190 2.290 0.840 4.400 0.138 21.500 0.060 12.360 1.630 0.050 99.264 
PHN1597'^' 
OpxO.012 58.000 0.120 1.330 0.340 6.380 0.130 33.400 0.120 1.680 0.390 0.000 100.802 
CpxO.009 65.400 0.190 2.600 0.790 4.170 0.134 22.000 0.070 12.430 1.670 0.050 99.613 
PHN161l'^' 
OpxO.019 56.000 0.204 1.370 0.219 7.170 0.130 32.000 0.104 1.440 0.314 0.000 98.970 
CpxO.005 65.500 0.310 2.400 0.490 6.380 0.113 20.200 0.060 13.880 1.500 0.030 99.868 
PHN1924''' 
OpxO.OlO 57.700 0.110 1.200 0.230 4.930 0.130 33.500 0.103 1.300 0.300 0.000 99.513 
CpxO.005 54.700 0.190 2.590 0.930 3.620 0.118 19.800 0.070 14.020 1.830 0.030 97.903 
PHN1925'^' 
OpxO.OlO 58.000 0.170 1.290 0.300 5.690 0.131 34.000 0.120 1.310 0.440 0.000 101.461 
CpxO.007 55.500 0.300 3.010 0.940 4.030 0.134 19.850 0.070 13.510 2.200 0.033 99.584 
PHN2575/3'^' 
OpxO.003 57.040 0.180 1.200 0.280 5.780 0.129 33.000 0.123 1.430 0.340 0.005 99.510 
CpxO.OOl 55.000 0.290 2.110 0.750 4.030 0.124 19.890 0.070 13.990 1.660 0.033 97.948 
Composition in formula 
P Si Ti A1 Cr Fe''' Mn Mg Ni Ca Na K Total Di Jd En 
PHN3533 
OpxO.OOO 1.910 0.001 0.134 0.014 0.145 0.004 1.780 0.001 0.023 0.007 0.000 4.018 0.024 0.007 0.968 
CpxO.OOO 1.933 0.004 0.176 0.027 0.073 0.002 0.918 0.001 0.767 0.117 0.000 4.019 0.760 0.120 0.120 
PHN3535 
OpxO.OOO 1.883 0.003 0.194 0.009 0.183 0.004 1.714 0.002 0.017 0.004 0.000 4.014 0.019 0.004 0.977 
CpxO.OOO 1.866 0.012 0.274 0.018 0.080 0.003 0.813 0.000 0.854 0.117 0.000 4.035 0.846 0.123 0.031 
PHN3537 
OpxO.OOO 1.889 0.002 0.191 0.010 0.180 0.004 1.708 0.002 0.019 0.003 0.000 4.010 0,021 0.004 0.975 
CpxO.OOO 1.867 0.009 0.289 0.026 0.073 0.003 0.821 0.001 0.818 0.119 0.000 4.026 0.802 0.129 0.069 
PHN3532J 
OpxO.OOO 1.920 0.003 0.112 0.008 0.184 0.003 1.765 0.004 0.019 0.003 0.000 4.019 0.020 0.004 0,977 
CpxO.OOO 1.919 0,013 0.189 0.018 0.085 0.002 0.839 0.002 0.844 0.106 0.000 4.017 0.837 0.110 0.053 
PHN3536 
OpxO.OOO 1.912 0.007 0.111 0.012 0.185 0.004 1.760 0.005 0.022 0.007 0.000 4.024 0.023 0.008 0.969 
CpxO.OOO 1.949 0.012 0.180 0.030 0.085 0.002 0.829 0.001 0.787 0.117 0.000 3.992 0.780 0.120 0.100 
PHN3538 
Opx 0.000 1.935 0.001 0.105 0.020 
Cpx 0.000 1.949 0.000 0.100 0.026 
PHN3539 
Opx 0.000 1.916 0.000 0.119 0.024 
CpxO.OOO 1.932 0.000 0.118 0.039 
JVS73-63 
Opx 0.000 1.894 0.000 0.034 0.009 
CpxO.OOO 1.969 0.000 0.116 0.060 
JVS73-64 
Opx 0.000 1.977 0.000 0.028 0.007 
CpxO.OOO 2.006 0.001 0.075 0.043 
JVS73-76 
Opx 0.000 1.973 0.000 0.032 0.008 
CpxO.OOO 1.978 0.002 0.152 0.068 
JVS73-105 
Opx 0.000 2.006 0.004 0.029 0.009 
CpxO.OOO 1.998 0.008 0.072 0.043 
JVS73-106 
Opx 0.000 2.002 0.004 0.028 0.009 
CpxO.OOO 2.002 0.007 0.068 0.039 
JVS73-152 
Opx 0.000 1.963 0.000 0.036 0.010 
CpxO.OOO 1.975 0.001 0.106 0.061 
JVS73-154 
Opx 0.000 2.016 0.000 0.029 0.007 
CpxO.OOO 1.994 0.000 0.073 0.038 
JVS73-155 
Opx 0.000 1.977 0.000 0.028 0.008 
CpxO.OOO 2.006 0.000 0.058 0.035 
0.148 0.004 1.737 0.003 0.049 0.002 
0.071 0.003 1.012 0.006 0.810 0.020 
0.145 0.004 1.777 0.001 0.023 0.007 
0.080 0.003 0.998 0.003 0.786 0.053 
0.126 0.002 1.997 0.004 0.016 0.008 
0.060 0.002 0.905 0.002 0.747 0.165 
0.128 0.002 1.841 0.003 0.015 0.006 
0.062 0.002 0.893 0.002 0.796 0.110 
0.116 0.003 1.860 0.003 0.009 0.006 
0.062 0.002 0.789 0.001 0.751 0.208 
0.181 0.003 1.700 0.003 0.030 0.011 
0.111 0.003 0.939 0.002 0.706 0.114 
0.178 0.003 1.713 0.003 0.029 0.011 
0.109 0.003 0.943 0.002 0.708 0.114 
0.119 0.003 1.859 0.003 0.018 0.008 
0.045 0.002 0.894 0.002 0.792 0.126 
0.122 0.002 1.768 0.002 0.017 0.005 
0.057 0.002 0.919 0.002 0.816 0.097 
0.112 0.002 1.856 0.002 0.017 0.004 
0.051 0.002 0.952 0.001 0.809 0.069 
0.000 4.003 0.051 0.002 0.947 
0.001 3.998 0.803 0.021 0.176 
0.000 4.015 0.024 0.007 0.969 
0.010 4.011 0.777 0.055 0.168 
0.000 4.089 0.016 0.008 0.976 
0.000 4.025 0.747 0.165 0.088 
0.000 4.008 0.015 0.006 0.979 
0.000 3.989 0.796 0.110 0.094 
0.000 4.010 0.009 0.006 0.986 
0.000 4.014 0.751 0.208 0.041 
vo 0\ 
0.000 3.976 0.030 0.011 0.959 
0.000 3.994 0.706 0.114 0.181 
0.000 3.981 0.029 0.011 0.960 
0.000 3.995 0.708 0.114 0.177 
0.000 4.018 0.018 0.008 0.974 
0.001 4.004 0.792 0.126 0.082 
0.000 3.969 0.017 0.005 0.978 
0.000 3.998 0.816 0.097 0.087 
0.000 4.006 0.017 0.004 0.979 
0.001 3.982 0.809 0.069 0.122 
JVS73-165 
OpxO.OOO 1.979 0.003 0.037 0.009 0.119 0.003 1.820 0.003 0.017 0.011 0.000 4.000 0.017 O.OIl 0.972 
CpxO.OOO 1.968 0.009 0.143 0.070 0.066 0.002 0.842 0.002 0.711 0.204 0.001 4.018 0,711 0.204 0.085 
PHN1696 
OpxO.OOO 1.987 0.003 0.060 0.009 0.158 0.003 1.685 0.003 0.056 0.026 0.000 3.989 0.056 0.026 0.919 
CpxO.OOO 1.997 0.005 0.097 0.024 0.132 0.004 1.147 0.002 0.474 0.113 0.002 3.993 0.474 0.113 0.413 
PHN1597 
OpxO.OOO 1.983 0.003 0.054 0.009 0.154 0.003 1.703 0.003 0.058 0.026 0.000 3.996 0,058 0.026 0.916 
CpxO.OOO 1.978 0.005 0.109 0.022 0.125 0.004 1.171 0.002 0.476 0.116 0.002 4.008 0,476 0.116 0.409 
PHN1611 
OpxO.OOO 1.968 0.005 0.057 0.006 0.211 0.003 1.677 0.003 0.054 0.021 0.000 4.006 0.054 0.021 0.924 
CpxO.OOO 1.989 0.008 0.101 0.014 0.161 0.003 1.080 0.002 0.533 0.104 0.001 3.996 0,533 0.104 0.363 
PHN1924 
OpxO.OOO 1.991 0.003 0.049 0.006 0.142 0.003 1.723 0.003 0,048 0,020 0.000 3.989 0.048 0.020 0.932 
CpxO.OOO 1.991 0.005 0.111 0.027 0.110 0.003 1,074 0,002 0,547 0,129 0,001 3,999 0.547 0.129 0.324 
PHN1925 
OpxO.OOO 1.973 0.004 0.052 0.008 0.162 0.003 1.725 0.003 0.048 0.029 0.000 4.007 0.048 0.029 0.923 
CpxO.OOO 1.986 0.008 0.127 0.027 0.121 0.004 1.059 0.002 0.518 0.153 0.002 4.004 0.518 0.153 0.329 
PHN2575/3 
OpxO.OOO 1.979 0.005 0.049 0.008 0.168 0.003 1.707 0.003 0.053 0.023 0,000 3.999 0.053 0,023 0,924 
CpxO.OOO 2.002 0.008 0.091 0.022 0.123 0.003 1.079 0.002 0.546 0.117 0.002 3.992 0.546 0.117 0.337 
(1) Delaney, Smith, Dawson and Nixon (1979) 
(2) Delaney, Smith, and Nixon (1979) 
so 
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APPENDIX C. C++ CODES FOR THERMODYNAMIC MODELING 
//This program is used to solve 28 Murgules parameters from 28 equations 
//estciblished based on experimental data. It reads temperatiires, 
//compostion of En, Jd cuid Di in mole fractions from a file named by the 
//user. The file should have the format: 
// T Xen_Opx Xjd_Opx Xen_Cpx Xjd_Cpx. 
//All the solutions are output to a file whose name is named by the user. 
/ /This progreim also allows the user to calculate free energy and 
//temperatures for san5>les. 
•include <fstream.h> 
•include <math.h> 
char in_f_name[10]; 
char out_f_name[10]; 
•define input_file in_f_name 
•define output_file out_f_name 
void read_data(int); //read data into array from 
void solve_root(int); //sovle the roots 
void Gibbs_E(int) ; //calculate Gibbs free energy for Jd and Di 
void cal_t(); //calculate temperature based on the compositions 
long double A[50][50]; 
long double B[501; 
long double X[50]; 
ifstream ins; 
ofstream outs; 
float T; 
double Xen_Opx, Xjd_Opx, Xdi_Opx; 
double Xen_Cpx, X3d_Cpx, Xdi_Cpx; 
const float R=8.314; 
const float H=4594; //value from Casparik (1990) 
const float S=1.95; //value form Gasparik (1990) 
void main () 
{ 
cout«"Enter the file name for input: "«endl; 
cin»in_f _name; 
cout«"Enter the file name for output: 
cin »out_f_name; 
int M; 
cout«"Enter the size of the matrix: 
cin »M; 
read_data(M); 
solve_root(M); 
Gibbs_E(M); 
char choice; 
cout«"Do you weint to calculate temperature? y/n 
cin»choice; 
while (choice != 'n') 
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{ 
cal_t(); 
cout:«"Do you want: to calculate ten5)erature? y/n •; 
cin»choice; 
} 
}//end mainO 
void read_data(int m) 
{ 
ins.open{input_file) ; 
for (int i=0; i<ni; i++) 
{ 
float x_op, y_op, x_cp, y_cp; 
ins»T»Xen_Opx» Xjd_Opx »Xen_Cpx» Xjd_Cpx; 
cout«T« ' • «x_op« • ' «y_op« • • «x_cp«' ' «y_cp«endl; 
T = T+273.15; 
Xdi_Opx = 1 - Xen_Opx - Xjd_Opx; 
Xdi_Cpx = 1 - Xen_Cpx - Xjd_Cpx; 
B[i] = H - S*T - R*T*log(Xen_Opx/Xen_Cpx); 
A[i] [0] = Xdi_Opx*Xdi_Opx - 2*Xen_0px*Xdi_0px*Xdi_0px; 
A[i] [1] = 2* (Xen_Opx*Xdi_Opx - Xen_Opx*Xen_Opx*Xdi_Opx) ; 
A[i] [2] = Xjd_Opx*Xjd_Opx - 2*Xen_Opx*Xjd_Opx*Xjd_Opx; 
A[i] [3] = 2* (Xen_Opx*Xjd_Opx - Xen_Opx*Xen_Opx*Xjd_Opx) ; 
A[i] [4] = -2*Xdi_Opx*Xjd_Opx*X3d_Opx; 
A[i] [5] = -2*Xdi_0px*Xdi_0px*Xjd_0px; 
A[i] [6] = Xdi_Opx*Xjd_Opx - 2*Xen_Opx*Xdi_Opx*Xjd_Opx; 
for(int j=7; j<14; j++) 
A[i][j] = A[i][j-7]*T; 
A[i] [14] = -Xdi_Cpx*Xdi_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xdi_Cpx; 
Ati]tI5] = -2* (Xen_Cpx*Xdi_Cpx - Xen_Cpx*Xen_Cpx*Xdi_Cpx) ; 
A[i] [16] = -Xjd_Cpx*Xjd_Cpx + 2*Xen_Cpx*Xjd_Cpx*Xjd_Cpx; 
A[i] [17] = -2* (Xen_Cpx*Xjd_Cpx - Xen_Cpx*Xen_Cpx*Xjd_Cpx) ; 
A[i] [18] = 2*Xdi_Cpx*Xjd_Cpx*Xjd_Cpx; 
A[i] [19] = 2*Xdi_Cpx*Xdi_Cpx*Xjd_Cpx; 
A[i] [20] = -Xdi_Cpx*Xjd_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xjd_Cpx; 
for(int j=21; j<28; j++) 
A[i][j] = A[i][j-7]*T; 
} 
ins.close(); 
} //end read_data() 
void solve_root(int M) 
{ 
outs.open(output_file); 
for (int k=0; k<M; k++) 
{ 
for (int i=k; i<M; i++) 
{ 
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for ( int j=k+l; j<M; j++) 
{ 
Ati][j] = A[i][j]/A[i][k]; 
} 
Bti] = B[i]/A[i][k]; 
A[i][k] = 1; 
} 
for (int i=k+l ;  i<M; i++) 
{ 
for (int j=k; j<M; j++) 
{ 
A[i][j] =A[i][j] -A[k][j]; 
} 
B[i] = B[i] - B[k]; 
} 
//Solving the roots 
for (int k=M-l; k>=0; k—) 
{ 
X[k] = B[k]; 
for (int i = M-1; i>k; i—) 
X[k] = X[k]-X[i]*A[k][i]; 
} 
//Output the roots 
char WG[28] [10] 
WG[0] = "WgEdOpxA 
WG[11 = "WgDeOpxA •; 
WG[2] = "WgEjOpxA 
WG[3] = 'WgJeOpxA 
WG[4] = "WgDjOpxA 
WG[5] = "WgJdOpxA 
WG[6] = -WgEdjOpxA"; 
WG[14] = "WgEdCpxA " 
WG[15] = -WgDeCpxA " 
WG[16] = "WgEjCpxA " 
WG[17] = "WgJeCpxA " 
WG[18] = "WgDjCpxA * 
WG[19] = "WgJdCpxA " 
WG[20] = "WgEdjCpxA" 
WG[7] = "WgEdOpxB *; 
WGC81 = "WgDeOpxB 
WG[9] = "WgEjOpxB 
WG[10] = "WgJeOpxB 
WG[11] = "WgDjOpxB •; 
WG[12] = "WgJdOpxB •; 
WG[13] = "WgEdjOpxB"; 
WG[21] = "WgEdCpxB " 
WG[22] = "WgDeCpxB " 
WG[23] = "WgEjCpxB " 
WG[24] = "WgJeCpxB • 
WGt251 = "WgDjCpxB " 
WG[26] = "WgJdCpxB " 
WG[27] = "WgEdjCpxB"; 
for (int i=0; i<M; i-t-+) 
outs«WG t i ]« " = " «X [ i ] «endl ; 
outs.close(); 
}//end solve_root() 
void Gibbs_E(int m) //calculate Gibbs free energy for Jd and Di 
{ 
double G_En, G_Jd, G_Di; 
float x_op, y_op, x_cp, y_cp; 
long double sO, si, s2, tdil, tdi2, hdi, sdi, tjdl, tjd2, hjd, sjd; 
sO = 0; si = 0; s2 = 0; 
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tdil =0; tdi2 =0; hdi = 0; sdi = 0; 
tjdl = 0; tjd2 = 0; hjd = 0; sjd = 0; 
ins.open(input_file); 
outs.open(output:_file, ios :: app) ; 
outs«"T ••«"G_Di "«*G_Jd"«endl;//"G_En "«"En_C"«endl; 
for (int i=0; i-cm; i++) 
{ 
ins»T»Xen_Opx» Xjd_Opx »Xen_Cpx» Xjd_Cpx; 
T = T+273.15; 
Xdi_Opx = 1 - Xen_Opx - Xjd_Opx; 
Xdi_Cpx = 1 - Xen_Cpx - Xjd_Cpx; 
G_Di = R*T*log(Xdi_Opx/Xdi_Cpx) 
+ (X[0]+X[7] *T) *2* (Xen_Opx*Xdi_Opx - Xen_Opx*Xdi_Opx*Xdi_C)px) 
+ (X[l]+X[8I *T) * (Xen_Opx*Xen_Opx - 2*Xen_Opx*Xen_Opx*Xdi_Opx) 
+ (X[2]+Xt9]*T) * (-2) *Xen_Opx*Xjd_Opx*Xjd_Opx 
+ (X[3] +X[10] *T) * (-2) *Xjd_Opx*Xen_Opx*Xen_Opx 
+ (X[4]+X[11] *T) * (Xjd_Opx*Xjd_Opx - 2*Xdi_Opx*Xjd_Opx*Xjd_Opx) 
+ (X[5]+Xtl2I *T) *2* {Xdi_Opx*Xjd_Opx - Xdi_Opx*Xdi_Opx*Xjd_Opx) 
+ (X[6]+X[13] *T) * (Xen_Opx*Xjd_Opx - 2*Xen_Opx*Xdi_Opx*Xjd_Opx) 
+ (X[14]+X[21] *T) *2* (Xen_Cpx*Xdi_Cpx*Xdi_Cpx - Xen_Cpx*Xdi_Cpx) 
+ {X[15I+X[22]*T) * {2*Xen_Cpx*Xen_Cpx*Xdi_Cpx - Xen_Cpx*Xen_Cpx) 
+ (X[ie]+X[23]*T) *2*Xen_Cpx*Xjd_Cpx*Xjd_Cpx 
+ (X[17] +X[24] *T) *2*Xen._Cpx*Xen_Cpx*Xjd_Cpx 
+ (X[18]+X[25]*T) * (2*Xjd_Cpx*Xjd_Cpx*Xdi_Cpx - Xjd_Cpx*Xjd_Cpx) 
+ (X[19]+X[26] *T) *2* (Xdi_Cpx*Xdi_Cpx*Xjd_Cpx - Xdi_Cpx*Xjd_Cpx) 
+ (X[20]+Xt27]*T) * (2*Xdi_Cpx*Xjd_Cpx*Xen_Cpx - Xen_Cpx*Xjd_Cpx) ; 
G_Jd = R*T*log{Xjd_Opx/X3d_Cpx) 
+ (X[01+X[7] *T) * (-2) *Xen_Opx*Xdi_Opx*Xdi_Opx 
+ (X[l] +X[8] *T) * (-2) *Xen_Opx*Xen_Opx*Xdi_CDpx 
+ (X[2]+X[9] *T) *2* (Xen_Opx*Xjd_Opx - Xjd_Opx*Xjd_C)px*Xen_Opx) 
+ (X[3]+X[10] *T) * (Xen_Opx*Xen_Opx - 2*X3"d_Opx*Xen_Opx*Xen_Opx) 
+ (X[4]+X[11] *T) *2* (X3"d_Opx*Xdi_Opx - Xdi_Opx*Xjd_Opx*Xjd_C)px) 
+ (Xt5]+X[12]*T)* (Xdi_Opx*Xdi_Opx - 2*Xdi_Opx*Xdi_Opx*X3d_Opx) 
+ (X[6]+X[13]*T) * (Xen_Opx*Xdi_Opx - 2*Xen_Opx*Xdi_Opx*X3d_Opx) 
+ (X[14] +X[21] *T) *2*Xen_Cpx*Xdi_Cpx*Xdi_Cpx 
+ {X[15]+X[22]*T) *2*Xen_Cpx*Xen_Cpx*Xdi_Cpx 
+ (X[16]+X[23] *T) *2* (Xen_Cpx*Xjd_Cpx*X3d_Cpx - Xen_Cpx*Xjd_Cpx) 
+ (X[17]-i-X[24]*T)*(2*Xen_Cpx*Xen_Cpx*Xjd_Cpx - Xen_Cpx*Xen_Cpx) 
+ (X[18]+X[25] *T) *2* (Xjd_Cpx*Xjd_Cpx*Xdi_Cpx - Xjd_Cpx*Xdi_Cpx) 
+ (X[19]+X[26]*T) * (2*Xdi_Cpx*Xdi_Cpx*X3d_Cpx - Xdi_Cpx*Xdi_Cpx) 
+ (X[20]+X[27] *T) * {2*Xdi_Cpx*X3'd_Cpx*Xen_Cpx - Xen_Cpx*Xdi_Cpx) ; 
G_En = R*T*log(Xen_C)px/Xen_Cpx) 
+ (X[0]+X[7]*T)*(Xdi_Opx*Xdi_Opx - 2*Xen_Opx*Xdi_Opx*Xdi_Opx) 
+ (X[l]+X[8] *T) * 2* (Xen_Opx*Xdi_Opx - Xen_Opx*Xen_Opx*Xdi_Opx) 
+ {X [ 2 ] +X [ 9 ] *T) * ( Xj d_0px*X3 d_Opx - 2 *Xen_Opx*Xj d_Opx*Xj d_Opx) 
+ (X[3]+X[101*T)* 2*{Xen_Opx*Xjd_Opx - Xen_Opx*Xen_Opx*X3'd_Opx) 
+ (X[4I +X[11] *T) * {-2*Xdi_Opx*Xjd_Opx*X3d_Opx) 
+ (X[5]+X[12] *T) * (-2*Xdi_Opx*Xdi_Opx*Xjd_Opx) 
+ (X16 ] +X [ 13 ] *T) * (Xdi_Opx*Xjd_Opx - 2 *Xen_Opx*Xdi_Opx*Xjd_Opx) 
+ (X[14]+X[21] *T) * (-Xdi_Cpx*Xdi_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xdi_Cpx) 
+ (X[15]+X[22]*T)*(-2)*(Xen_Cpx*Xdi_Cpx - Xen_Cpx*Xen_Cpx*Xdi_Cpx) 
+ (X[15] +X[23 ] *T) * (-Xjd_Cpx*Xjd_Cpx + 2*Xen_Cpx*Xjd_Cpx*X3d_Cpx) 
+ (X[17]+X[24]*T) *(-2)*(Xen_Cpx*X3d_Cpx - Xen_Cpx*Xen_Cpx*X3d_Cpx) 
+ (X[18]+X[25]*T)*2 *Xdi_Cpx*Xj d_Cpx*Xj d_Cpx 
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+ (X[19]+X[26]*T)* 2*X(ii_Cpx*Xdi_Cpx*Xjd_Cpx 
+ (X[20]+X[27] *T) * (-Xdi_Cpx*Xjd_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xjd_Cpx) ; 
outs«T«' •«G_Di«" "«G_Jd«' •«G_En«' ' «H-S*T«endl; 
sO = sO +1; 
si = si + T; 
s2 = s2 + T*T; 
Cdil = tdil + G_Di; 
tdi2 = tdi2 + T*G_Di; 
tjdl = Cjdl + G_Jd; 
tjd2 = tjd2 + T*G_Jd; 
} 
sdi = (tdil*sl - t:di2*s0) / (sl*sl - s2*s0); 
hdi = (tdil - sl*sdi)/sO; 
sjd = (tjdl*sl - tjd2*s0)/(sl*sl - s2*s0); 
hjd = (tjdl - sl*s3d)/s0; 
outs«*G_Di = "«hdi«' ' «sdi«"T. "«endl; 
outs«"G_Ji = •«hjd«' ' «sjd«"T. "«endl; 
ins.close(); 
outs.close{); 
}//end Gibbs_E() 
void cal_t{) 
{ 
cout«"Enter the mole fraction of En in Opx: 
cin»Xen_Opx ; 
cout«"Enter the mole fraction of Jd in Opx: 
cin»X j d_Opx; 
Xdi_Opx = 1- Xen_Opx - Xjd_Opx; 
cout«"Enter the mole fraction of En in Cpx: 
cin»Xen_Cpx ; 
cout«"Enter the mole fraction of Jd in Cpx: 
cin»X j d_Cpx; 
Xdi_Cpx = 1 - Xen_Cpx - Xjd_Cpx; 
T = (H-X[0] * (Xdi_Opx*Xdi_Opx-2*Xen_Opx*Xdi_Opx*Xdi_Opx) 
-X[l] *2* {Xen_Opx*Xdi_Opx-Xen_Opx*Xen_Opx*Xdi_C)px) 
-X12 ] * (Xjd_Opx*Xjd_0px-2*Xen_Opx*Xjd_Opx*Xjd_Opx) 
-X[3]* 2* (Xen_Opx*Xjd_Opx - Xen_Opx*Xen_Opx*Xjd_Opx) 
-X [ 4 ] * (-2 *Xdi_Opx*Xj d_Opx*Xjd_Opx) 
-X[5]*{-2 *Xdi_Opx*Xdi_Opx*Xj d_Opx) 
-X[6] * (Xdi_Opx*Xjd_Opx - 2*Xen_0px*Xdi_0px*Xjd_0px) 
-X[14] * (-Xdi_Cpx*Xdi_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xdi_Cpx) 
-X[15] * (-2) * (Xen_Cpx*Xdi_Cpx - Xen_Cpx*Xen_Cpx*Xdi_Cpx) 
-X [ 16 ] * (-Xj d_Cpx*Xj d_Cpx + 2 *Xen_Cpx*Xj d_Cpx*Xj d_Cpx) 
-X117 ] * (-2) * (Xen_Cpx*Xjd_Cpx - Xen_Cpx*Xen_Cpx*Xjd_Cpx) 
-X[18] *2*Xdi_Cpx*Xjd_Cpx*Xjd_Cpx 
-X[19]*2*Xdi_Cpx*Xdi_Cpx*Xjd_Cpx 
-X[20] * (-Xdi_Cpx*Xjd_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xjd_Cpx) ) 
/ 
(S+R*log (Xen_Opx/Xen_Cpx) 
+X[7] * (Xdi_0px*Xdi_0px-2*Xen_0px*Xdi_0px*Xdi_0px) 
+X[8] *2* (Xen_Opx*Xdi_Opx-Xen_Opx*Xen_Opx*Xdi_Opx) 
+X[9] * (Xjd_Opx*Xjd_Opx-2*Xen_Opx*Xjd_Opx*Xjd_Opx) 
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+X[10]* 2* (Xen_Opx*Xjd_Opx - Xen_Opx*Xen_Opx*Xjd_Opx) 
+X[11] * (-2*Xdi_Opx*Xjd_Opx*Xjd_Opx) 
+X [ 121 * (-2 *Xdi_Opx*Xdi_Opx*Xj d_Opx) 
+X [ 13 ] * {Xdi_Opx*Xj d_Opx - 2 *Xen_Opx*Xdi_Opx*Xj d_Opx) 
+X[21] * (-Xdi_Cpx*Xdi_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xdi_Cpx) 
+X [22 ] * (-2) * (Xen_Cpx*Xdi_Cpx - Xen_Cpx*Xen_Cpx*Xdi_Cpx) 
+X[23]*(-Xjd_Cpx*Xjd_Cpx + 2*Xen_Cpx*Xjd_Cpx*Xjd_Cpx) 
+X[24] * (-2) * (Xen_Cpx*Xjd_Cpx - Xen_Cpx*Xen_Cpx*Xjd_Cpx) 
+X [ 2 5 ] *2 *Xdi_Cpx*X j d_Cpx*X j d_Cpx 
+X [26 ] *2*Xdi_Cpx*Xdi_Cpx*Xjd_Cpx 
+X[27] * (-Xdi_Cpx*Xjd_Cpx + 2*Xen_Cpx*Xdi_Cpx*Xjd_Cpx)) ; 
cout:«"T = "«T«endl; 
}//end cal_t{) 
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